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A Selection of Test Cases for the Validation of
Large-Eddy Simulations of Turbulent Flows

(AGARD AR-345)

Executive Summary

Our ability to optimize the performance of civil and military aircraft is limited by the current
understanding of complex turbulent processes. Progress in turbulence modeling and simulation has
been hampered by the lack of well documented, systematically verified, experimental and numerical
data bases of relatively simple building block flows for the validation of computational methods.
The two basic ways of computing turbulence have traditionally been direct numerical simulation (DNS)
and Reynolds-aNeraged (RANS) modelling. In the former, the full. time-dependent, Navier-Stokes
equations are solved numerically, essentially without approximations. The results are equivalent toexperimental ones. In the latter, only the stationary mean flov is computed, and the effect of tihc

unsteady turbulent velocity fluctuations is modelled according to a variety of physical approximations.

It was realized early that direct numerical simulations were too expensive for most cases of industrial
interest, while Reynolds-averaged modelling was too dependent on the characteristics of particular
flows to be used as a method of general applicability.
Large-eddy simulations (LES) were developed as an intermediate approximation between these two
approaches, the general idea being that the large. non-universal, scales of the flow were to be computed
explicitly, as in DNS, while the small scales were modelled. The hope vias that the small scales. which
are removed from the flow inhomogeneities and particular boundary conditions by several steps of the
turblent cascade, would be univer;al (independent of the particular flow) and isotropic enough for a
single simple model to be able to repcesent them in all situations.
The data contained in the present collection are intended fo' the validation of large-eddy simulations of
turbulent flows, especially at the fundamental level of rood-1 development rather than at the level of
complete codes. They therefore include relatively few 'complex' flows, consisting instead of 'building-
block' experiments documented in as much detail as possible. These should also be useful for the
validation of RANS rid for the preliminary evalutaion of experiments or turbulence theories. They
include both laboratory experiments and direct numerical simulations.
Chapter 1 gives an overview of the present stage of large eddy simulation, and of the similarities and
differences between laboratory and numerical data. Its purpose is to describe the general organization
of the data base. to summarize the different aspects of LFiS and of valid'tuion, and to give an idea of the
quality and precision that can be expected fhonw ihc data. Chaptci 2 describes filleting imcithods alld
associated file formats.
Chapters 3 to 8 deal with the six flow categories, ranging from homogenecus to complex. in which the
data have been classified. Eacn chapter includes an introduction discussing the dat, their reliability,
and how representative they are of the information presently available for those particular classes of
flows. Each one is followed lv a synoptic table of the data sets corresponding to its category.
These introductory chapters arc comiplenmentetd by data sheets, organized in the same gIoup mentioned
above, describing in detail each data set, the experimental or numerical procedures, the expected errors,
and the initial and boundary conditions.
The data themselves are given in machine-readable form in the CD-ROM that accompanies the present
report.



Quelques cas d'essai pour la validation de la
simulation des grands tourbillons dans

les ekoulements turbulents
(AGARI) AR-345)
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Chapter 1: An overview of LES validation

Javier Jiminez
School of Aeronautics, Universidad Politucnica, 28040 Madrid, Spain

and Centre for Turbulence Research, Stanford CA 94305, USA

1.1 Introduction scribe the data, their reliability, and how representative are

The two basic ways of computing turbulence have tradi- they of the information presently available for those par-

tionally been direct numerical simulation (DNS) and Reyn- ticular classes of flows. The data themselves are given in
olds-averaged (RANS) modelling. In the former the full, machine-readable form in the CD-ROM that accompanies
time-dependent, Navier-Stokes equations are solved nu- the present report. Those not interested in the introduc-

merically, essentially without approximations. The results tions will find lists of the data sets for each particular type

are equivalent to experimental ones, although with a differ- of flow in the synoptic tables at the end of the correspond-

ent set of limitations and advantages which are briefly dis- ing chapters.

cussed below. In the latter, only time scales much longer Chapter 2 discusses data filtering and formats. The pur-
than those of the turbulent motion are computed, and the pose of the present introduction is to describe the general
effect of the unsteady turbulent velocity fluctuations is mod- organization of the data base, to summarize the issues in-
elled according to a variety of physical approximations. volved in LES validation, and to give an overview of the

In a relatively recent development, the requirement of time- quality and accuracy that can be expected from the data.

scale separation in RANS is sometimes relaxed, allowing The present states of LES and of validation are briefly re-
the mean flow to evolve according to its natural instabil- viewed first. The differences and similarities between lab-
ities. In these 'URANS' computations, the resolved flow oratory and numerical data are discussed in §1,3, and the
is usually taken to be unsteady and two-dimensional, and data base itself is described in § 1.4.
a model is applied to account for the effects of turbulence.
Two-dimensional flows behave very differently from three- 1.2 Large eddy simulations
dimensional ones, and this approximation is probably only In the pioneering work of [441, the separation of small
reasonable in those cases in which two-dimensional large- ('subgrid') and large scales was loosely linked to averag-
scale structures dominate the real flow [53], ing over computational grid elements, and was, therefore,

It was realized early that direct numerical simulations were intrinsically depetident on the numerical implementation.
too expensive to be used in most cases of industrial in- The large scale field was nevertheless described in terms of
terest, being limited to relatively modest Reynolds num- functions of continuous spatial variables, governed by dif-
bers, while Reynolds-averaged modelling was too depen-, ferential equations. Schumann [188] formulated the scale-
dent on the characteristics of particular flows to be used separation problem in a mathematically consistent way by
as a method of general applicability. Large-eddy simula- interpreting the subgrid quantities as volume or surface av-
tions (LES) were developed as an intermediate approxima- erages, linked to a particular finite-volume discretization.
tion between these two approaches, the general idea be- This implied that the large-scale variables resulting from
ing that the large, non-universal, scales of the flow were to his approach were no longer functions of continuous space.
be computed explicitly, as in DNS, while the small scales and they have been difficult to interpret in terms of turbu-
were modelled. The hope was that the small scales, which lence theory. Consequently, it has been the former interpre-
are removed from the flow inhomogeneities and particular tation that has prevailed, although the result is that a certain
boundary conditions by several steps of the turbulent cas- confusion of numerical and filtering concepts persists up
cade, would be universal and isotropic enough for a single to this day. The current formulation of large- versus small-
simple model to be able to represent them in all situations, scale quantities was introduced in [121]. The equations are

The data contained in the present collection are intended written in terms of filtered variables,

for the validation of large-eddy simulations of turbulent V(x) = f g(X, x")u(x') dar', (1)
flows, especially at the fundamental level of model devel-
opment rather than at the level of complete codes. They where the kernel g(x. x') is independent of the numeri-
therefore include relatively few 'complex' flows, consist-
ing instead of 'building-block' experiments documented in cal discretization, and the filtered variables are considered

as much detail as possible. They should also be useful to be defined over continuous space. Equations for U are

for the validation of RANS and for the preliminary evalua- obtained by filtering the equations of motion. Whenever

tion of experiments or turbulence theories. The flows have nonlinear terms, like UT. are encountered, the resulting

been classified in six different categories, ranging from ho- filtered quantities cannot be expressed in terms of ýi and
the extra subgrid stresses have to be modelled. Useful re-I mogencous to complex, for each of which there is a gen-

Seral introduction in chapters 3 to 8. These summaries de- views of the state of the art at various times can be found in[177. 189. 148, 61. 75, 122. 147], where the later reviews
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do not necessarily supersede the older ones. propriate for a-priori testing. ahhough a few fillcrcd fields
have been included to be used as 'standard' initial and in-There are many outstanding issues in LES which make thc fow conditions i1 simulations.

validation of thc results, and of the modcls thenmschvcs, cs-
sential. The most obvious ones are those related to the The results ofa-priori testing have pr')vced disappointing in
physical modelling of the suhgrid stresses, which is in niany those cases in which it has hben tricd. The subhrid stresses
cases based] on enginecring approximrations, justified by lit- predicted by mrost models turn out to he only poorly corrc-
tie more than dimensional considerations. Numerical is- lated with those measured front the filtcred fields 135, 81. in
sues are also important. since most models use as input spite of which some of those rnodels are very successful in
the velocity gradients of the filtered field, which depend a-posteriori performance. The reason seems t(o be. at least
on the smallest scales resolved by the simulations, and in part, that only the mean stresses are needed to compute
which are therefore strongly influenced by numerical er- the mean flows, and that mean values and integral quanlti-
rors [71, 11 1.] It is clear that filtering. modelling, and nu- ties are better correlated thati instantancous oncs. Also a
merical techniques are interrelated 11691 but in which way certain fraction of the shcar stresses is carried by the re-
is still unclear. solved large scales and ,es not have to be modelled.

There are two ways to validate a given combination of In selecting the present validation cases we have chosen
the three factors mentioned above. The simplest one is an internieditte path between the data needed For a-priori
a-posteriori testing, in which an experiment is simulated testing, which we cattot provide, and those suflicicnt for
using a complete LES code, and thc predictions of the de. a-posteriori verification, which we have argued to be in-
sired variables (e.g. mean velocities,) are compared to the complete, We have taken the view that LES, even if it is
ineasurements. While agreement of this kind is probably only an imperfect reprc.entaftion of 'tfruC turbulence physics,
the ultimate goal of any simulation, this testing can only he should at least predict those quantities associated with the
incomplete and is difficult to interpret, large scales of the flow In particular. turbulent iniensi-

ti,'s and oilier Reynolds stresses have to be reasonably well
In the first place, if the results arc poor, it is difficult to de- m d l i f ther R quatoti s are to be rect ly c ed I

cide what is wrong, since any one of the many components is shown in chapter 2 that tile eopulation ofr lie Rey tolds
of the complex code may be responsible. But, even if the is of' ilter f rhuie tie knowledge of thestresses oft a filtered field reqluires the kwtdco h
agreement is good, it may be due to compens•ating errors,
or may only be good for the particular experiment chosen two-point correlation fitnction of the velncities in the full
for the test. Moreover, since the information available on
the experiments is seldom complete, some parameters have been reported in most experiments, hut ain effort has been

made to include it whicnever available. In most cases, thisto be guessed (e.g. boundary conditiotns,) and this provides is only true for nuerical simulations, but at least ote case
enough latitude as to sometimes mask modelling errors,,. oSHLy4) corresponds ito a laboratory expricment. Fromc
In no case is much understanding gained on the causes of heseL0 corre sit is possble for a imidcllcr, using anl
agreement or disagreement, or oti possible simplifications these correlate onse-point sn.d-lr, usis-

arid improvements. arbitrary filter, to con-pute one-point, sco-l-ordcr statis-
tics of the filmted field. arid to cotinpalc then to the nmcan

There arc well-known techniques for testing code inticg ity stresses predicted by his model.
atid numerical accuracy. intdependently of physical consid- An auetiept to prov'ide even m ore detailed data has been
erations, which are beyond our scope. An a-priori method madi in the case of some homogeneouN flows in chapter
for testing the filtering and m odelling parts of LES, in- 3. A t of' o snnt c on (l scn u e o' t hw vnlc itydepedenly f th timercal actrswas ntrducd ~ 3. A lot of inifortoation on the structure of the velocityd e p e n d e n tly o f th e n u rn e ric a l fa c to rs , w a s in tro d u c e d in fl c u t o s i c n a n e . o r h se l w .i l e p o b i i y
[35]. Assume that the full flow field ia a given situation fe funations c diii a fthe flows, iffe p rob l
is known. It is then possible to compite exactly the fil. density futctiors (p.d.f.) ofilhc velocity differences across
tered field Ti and the subgrid stresses. From i, using only a given distance. For I:rgc distances. this is a large-scaleinformation that would be availahlc to the Lro S code in a quaintit). and should he preilicied by any LES which pre-

serves the structure of those scales. It is shown in chapter
real situation, it is also possible to compute the stresses that state p

woul bepreicte bytheproosednioelari it)C01111l c 3 that the p.d.f.s in filtered field,, are tile satnc its those inl
them to the actual ones derived fmodt t ae data. full)y resolved ones, as long as the filter width is sufficiently

sinallcr than the distaice across which the vefocity differ-

True a-priori testing requires actual flow fields, which are ences arc nieasuired. and it should be possible to use Itlern
usually only available frorn direct numerical simulations to test which scales are well modelled by a giveen technilque,
(see howcver [ 1451). It has proved to be itpiractical to in- and which one is are not. Agaiin. results fromo numerical sin0-
elude such fields in the present data base. A single DNS ulations and laboritlory experitients ate included.
snapshot, at the moderate Reynolds numbcrs relevant to
large-eddy simulations, requires several hundred Mbytes 1.3 Numerical vs. laboratory experiments
of data, arid reasonable statistics imply at least ()(1(t) such In this data base we have included both li inierical (f)NS)
fields. Includitg a-priori data even for the few simple atid laboratory experinienial data. They areci treatcd on the
flows which are presnitl y available would have nicdeI ap- sante footing as 'true', in the sense that both are (only sub-
proximately 100 Gbytcs of data, antd sevcral hundred CD- ject to 'mnstrumental' errors that can be reduced with rca-
ROMs. The data in this collection arc therefore not ap- sonable procedural care.
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However, the limitations and uncertainties of both types of stance, both try to approximate isotropic turbulence, but
data are different, and they should be taken into account both approximations are imperfect and different from one
when using them for validation. another. The same is true of spatially glowing mixing lay-
The gen~eral magnitude or(tile experimental errors that can ers in finite wind tunnels, and of temporally growing ones

be expected from hot wire measurements is discussed in in stream- and span-wise periodic boxes. Both are approx-

chaplcr 3 (§3.1.3), in the context of homogeneous flows. iniations to an infinite self-similar turbulent mixing layer,

Chapter 6 (§6.1) extends the discussion to the cases of free but different ones.

shear layers and jets, where the errors tend to be higher In this sense the numerical data sets are better suited to
because of the large relative turbulence intensities, espe- be used in model validation, because the LES are likely to
cially near the low-speed edge of the flows. This latter share with them many of the limitations in box size and
chapter also examines the uncertainties in Laser Doppler the artificial boundary cotlditions, and because the latter
velocimetry, which deals better with high turbulence in- are usually better documented in DNS than in laboratory
tensities, but which has its own set of errors due to limited experiments. In a sense, both DNS and LES are simulating
seeding densities and to particle lag. The latter effect is es- the same flows, which are slightly different from those in
pecially troublesome in supersonic flows involving shock the laboratory. The ultimate goal of simulations should be,
waves. The errors in numerical simulations ale briefly dis- however, to reproduce the latter.
cussed in §3.1.3. and each data set description sheet con-
tains, as far as possible, its own error estimation. 1.4 The organization of the data base

The absolute error magnitudes are roughly comparable for
numerical and experimental data. Mean first-order quan- The present report consists of three parts. The first two are
tities should be accurate to a few percent, but second or- contained in the printed volume, and are the set of intro-
der quantities, intensities and correlations, may be off by ductory chapters and the collection of data sheets for the
10% or more. The cause of the errors is however differ- individual sets. Both are organized into six categories, as
cnt. While laboratory uncertainties are mainly instrumenl- follows:
tal, numerical ones tend to be statistical. Laborat.'ry ex-
periments work with long data records. often only approx- Chapter 3: Homogeneous turbulence, including strain and
imately measured, while numerics have very small 'inca- rotation (HOM),
surement' uncertainties, but deal with samples which are
severely limited in size and number. In particular, the few Chapter 4: Interaction of shock waves with grid turbu-
full flow fields which are included in the data base repre- lence (SHW).
sent single realizations of a random process, and can only Chapter 5: Pipes and channels (PCH).
serve as 'typical' initial conditions for computations. They Chapter 6: Free shear flows (SHL).
are not necessarily representative of the average statc of
their flows, and it is not advised to use them in that capa"- Chaplet 7: Turbulent boundary layers, especially distorted
ity, such as for a-priori testing. and separating (TBL).

There are other important differences between experimen- Chapter 8: More complex flows (CMP).

tal and numerical data. The former tend to be fairly un-
constrained, with walls, entry and exit conditions relatively The introductory chapters should be consulted for a discus-
far away from the flow itself, but those conditions tend to sion of the individual sets. Each one contains a table withi a
be poorly documented. There are, for example, very few summary of what is available, and under what name. Each
cases in which information is available on the state of the data set has been given a name formed by the prefix in the
boundary layers onl the side walls, or on the downstream previous list and by a two-digit number, and they are re-
boundary conditions. ferred by that name throughout the data base.

Such information is important in simulations. and most Chapter 1 is the present introduction, and chapter 2 ex-
numerical data arc well documented in this respect, but plains how to use the data to obtain filtered quantities, and
their boundary conditions tend to be artificial and relatively describes some of the less obvious data formats.
'tight' with respect to the interesting parts of the flow, In The third part of the data base consists of the data them-
many cases, for example, the size of the largest scales of selves, which are contained in machine readable form in
numerical turbulence is pushed to the limit in which it is of the CD-ROM that accompanies the printed volume. All the
the same order as the numerical box, which 'ias an impact files from a given set are collected in subdirectories named
both on their behaviour and on the statistical significancc after the chapter and set names (e.g. chapter7/rBL101. At
of the data. the time of publication, the data are also available on-line

This difference in boundary conditions means that the nu- by anonymous ftp from torroja .dmt. upm. eo, in Eu-
merical simulations and the laboratory experiments repro- rope, or from http://thoinarc.stanford.edu in the
sent differcnt flows, even when they both try to approxi- USA. Both sites are privately maintained, and there is no
mate thie same ideal situation. Decaying grid turbulence guarantee of their permanence. They might, howevei, be
and numericai simulations of triply periodic boxes, for in- enhanced with new data as they becomes available.
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Chapter 2: Data Filtering anc File Formats

Javier Jilneiz
School ol Acronautics, Universidad Polit6cnica

28040, Madrid, Spain
and

Robert D. Moser
Dept. Theoretical arid Applied Mechanics

University of Illinois
104 S. Wright St. Urbana, IL 61801 USA

Suinlnary ing, and therefore to which filtered quantities to compare.

The problem of providing filtered DNS or experimental There are nevertheless several sensible choices for the func-
data for comparison to I.ES results is discussed briefly. It is tional form of g, one of the most common being Fourier
argued that the data base should include enough informa- truncation, which corresponds to

tion to allow users to apply their own filtering operators,
but that this is only practical for first- and second-order 9() sin(2,rx/) (2)
one-point statistics. The former requires the inclusion in rX

the data base of unfiltered mean profilcs or flow fields. The and which is mostly used in spectral numerical codes. Its
latter requires the full small-separation correlation tensor, only parameter is the filter width 6.
The more complete information contained in the full spec-
tral tensor is nornmally irmpractically large, except for the Another popular choice is tile box filter
particular case of isotropic turbulence. gj,(x) 1/26 For : < 6, 0 otherwise, (3)

Data formats are also discussed, including those for the
correlation tensor in spatially inhornogeneous flows, which is easier to apply to computations or measurement.,

in physical, rather than spectral, space.

2.1 Introduction The spectral counterpart of the convolution (1) is multi-
In Large I Bddy Simulation (LES), only the largest scales of plication in Fourier space. Denoting the transform of a
turbulence are simulated, leaving the smaller scales to be function of a: by its capitalised symbol
modelled. Therefore, statistical quantities comrputed from
an LES must be interpreted as statistics of the large scales. U(k) = 27rG(k)U(k). (4)
For some quantities, such as the mean velocity and the
statistics of multi-point velocity differences (for large spa- For the two examples given above
tial separation). there is no small-scale contribution, and I if ]kj < 27r/6
LES should be able to predict those well. However, for 2(r5)(k) - 1 i otherws
many quantities, such as all the single-point moments of 0 otherwise,

order higher than one, there is a small-scaic contribution. and
art thie large-scale values given by an LES will differ from sin( ,6)
thou.,c measured in an experiment or computed in a DNS. 2Wrr(k)
Thus, to properly compare an LES with a DNS or experi- The transfer function is defined in the familiar way as
weat, it is necessary to extract tile large scale statistics.

Whenever possible, tile data sets in this collection include "'(k) = .-,T"G(k)j'-, (7)
either large-scale information in addition to the usual until-
tered statistics or, more often, enough information to allow id

the users to derive filtered values using their own filtering Ci, ,(k) = .[1'(k)V (k)J, (8)
operation. Tile large scales in LES are deiined by means of
a spatial low-pass filter which, for a single honmogencous the co-spectrTr of the filtered variables is given by
spatial direction, is defined through an appropriate kernel
.q(.r) h y Ci = T(k) (T,,,. (9)

ir - f y(.r - .' )?(1-') (1d'. (1) In the particular casc of u = V, (9) is the power spectrum
of i. The energy or Rcynolds stresses of the filtered flow

The choice of kern el is complicated by the fact that, in are given by the integral of (9). and differ from those of thc
irany LES. the filtering riperation is n,, explicil, but inr- original flow by an anmoutnt that depends ott tile forn if tifc

plied hy the presence of a disacrete grid, i which cawc the Iran, fer fiunrction. LES results should be cotrmpared to tIre
silnmllator inny non even kno' which lter shape he is us- filteitd inlens.rtes, rather than iti tire unfillered (1rres



Sincec dilfcemit LES simulaitions arec run with dififferti fit- fioni (12). and hoi olaie fact Owal Iifieriti-g and averat~int,
tcrs, tile only way thtat a data base can. be Miade uISCeful f'or a commteitii. thai thle corielal ion ol"th f1 ilte'redl field canl he
x'aructy of' user-s is lii include lull slieciral and( cu-spectr'a ohtaineod b) fliclteirit- its cortellat on function oCWCI each of'
ruohier thin fluctuation energeis nr- streses. In isotropic 111C IWO independenti variables.
flows. co-spectra vanish and (lhe information (in (lie enercy
SPWeRutts ks contaiiiCd ill a SinVCl IMI~lietOn ol0ie \a\ iuti JC--(r d) /( ,(.~ q..~q.' ' I i.
bet magniuitui k--- I ki- fioiit which ;ill I ttler specr-a can bie (13)
deduced [I 1ti. Illt anisotr-opic flows, somle o, [thc co-spectr1a o.i= i'ris-rleoepntecnlrdrttus

dii nit) vanlish, and thle speott have to hi' givenl. as% mitch tieS U, t (m)-. Note thai it will veiterallv he tiecessiry to
as possihie. as tWo- or' tt--dnttIo~nlitct ions of [lie subtract local nicati valuesN Iron ('13) to ohtiaoil tlie covart-i

v.,avellullihol.ane Lolplels.11COr theC Iltikct a ating ene ic and Reynotlds stresses. h is
For homngenenus flows. iheic lore, it is onotich to include not roneraly is- fru that tle meiant \values, of* thle filtered and
thle approprriat SpccN tlilad co-SpecCtia to all0o\ user-s Iit de- ufilteIiI crd varia bles ire the sa ate. but Iiirst order st at istics
rtve any' sconul or-der onec-poinit stadistiial quImIntiiv Note call he obtained h\ dIteetll filtering tile tiucan profiles,
Ititwever. that this in hio-Imaiiott is m1ore Consplete tthat dift one -

thsat it issay tc r-atheri large for anisotritpie flows, It will hec Ilt tile special eawe ofl Isomm'nietoit diteclionutislie correc-
seetn below thait otie-poitit iti'lktttatioti is gis en more eoti- Iatiolit function depiiifs1(1 unl ott a single varitible.i`- X

pai~ly y tfe sutaf-seara iit enrelaiot futetiti.butt thc dituhie filleting tiper-atiot ii ( 13) still has to he per-

Note also hlat (9) applies otily) to second urder stat sties attd formled to rCcos er tlhe secotnd order statistics I I we a1,ssittt
cannitot fte tusqe to filter fteigfcr (ti-ler mittnents;. Tou do so (1to11 Ote filter is, also, sla nIly tontogettetti itt that dir-ee-
wou~ild r-equire htighser ai-der- corralation lunittotis wvith in)- Olo

bractical sitonage i-eqttireteisets in all bitt tite sim letases. (0)10 -f , 1? li 0~ r'..
Thtus, whtile Isi glie r otrder itttite n t and s-eloc'it y p m~~sae
useful itt elsaracteri-sintg ti-urhenit floiws an sd whtilIe tile dlam wftere
base intielfdes thtemit wh ice vet poss ible. itis i tnprac ti a I to tfl-. -1 0) (11, (15)
pr-ovide entiught ilittrnlation for. users to difeivc fif tleri \al-
ues for mrbiti-ary fil ters. Iii sutiiiiary. to ecneuii' tileft first antilseeioti order- staistlics

(I'm fifii-ere flow lieILus. it is nucsavto kniow itile itififter-eu
2.2 Inhornogeneous flows pro-files of1 thle averace vlcitieCs. tIti tOe full twitOtttt11

For- itihorso0geneCous Spatial fireetons. tlte chtoice oft filter joint correlat ott ful ittic itiFor all tfte var-iablei pair-s Whose

is not sit efear. Thie a na log of ( I ) is Rey nol ds stresses do tlot vut tsish.

lThe fatter. oitt co Can lhe t ilter large. I-or at iiillunotitiig tIeiut
ill - Ixi, oni~- (t) (te-diiioiieuisitul hut\ hek ott a V'-poinut tiesfi, cacti corre-

latiiiu futItetioti is a t-iittIO iel~nitsII (tt1t oftici witfi A,2 potintts.
wiht g tow\ a ttiore citaplicated kernel. It i-alt he written il ln itlie estrittle ease if- autt il1-o-ireuittellns ioti eld witfi
a~ foriti mitit closelfy elated to thie ftittisrtgetieittt case as thrceentototiot luuitois tile io-trelat on %voutdhe

a Sa s-df titetssiii:1f (-LoTei wih A"' points I totiogeteotis
:r' x~t~t) ii' (I) di~ccitotis add olite owe itotletison tol tile correlation Itmitt

lion fIlue p-esi-it rfmta base eotttains not fully tifiiiinlope-
whereC tile dependence ottltile secondk argilitten can he eoll iteoius flows. hitlt t1ltet iar sevita if ases withi two itlilotito-
sidereil paanilnteie.c anid represents flie variation of the filter- geticous ati otte hi'iugucusdrcit which wouldf ic-
width atid shape witht spatial focaititn. Ftirtlertoiioe. e-ci qtitire: A" points I'r tle lill ion ch~it iu functiotn.
tlie filters itt fionogetteots sptat ial dir-ections, mayu depend I-l-uuriitatelv not atl f[the i-ot-reutioui fuitctiion is ticeied i
oti tlte uztltorniigeiteius Cisor-daisat. For- examtpfe. iii polm Ot o nt~ite pI )itt stutist ics are Io lbe compitutieif. As tnotedf
cuturdilitates Itm Pifpe flow, thle fllifte wiidthi ill dlie wtiltulim m lot tottiolgetcouts towms. tile it~lf coriefaioln eotitaiNs fonig
dir-ectioti (6,)) should depeiti tot tlic radial ulircetliui fit. Ill tanclie in! .i ('itiaion \\fiii-fi is ntot Titeedefolt fdtetlitti' If we
partlicufat. 51 i -i ]/I- away frlont r- =tt. with) somte appro- tit:kC x- I , iil t 1t) mit asitwite tOat tile wk tufes fillet fias
pr~iate regotarty Cotnditiont(I- -u 0. Italf-widll IV 111 the iniraiti ouds (1111C] froit cloi iniside

Tilte qutestiont is What Is ttecilei toi peitetac arlhitrutliN fItl- tfi squjlic (11 .1- < ii. k,' /I Tl e Coni ct;I1itcoiiit
ered staisti~fcs ill tftiS Case. J'Ilk fil' sikeud stirJ' (111if Of' tiL ;N ontf nteedeid itt tlii- utnitiofn utlfl tfosi mqituites %ltifi is

cO-speCtuattil is thle tWO oIitnt cori-cfatitt Ituitition a hadIsillo svidlii 211/i ecdirt aloin, lre dthap'otil x - -i

Fi-or tfi pitti1'th11or exiiitjtlck ot1 two tttii~etoi he
I?,, x,(- -lz (1o(x) -(-l.(t2) tiotis ft. !/) Mitl 01i1C tII0noetiI0ous ifuiCitioti (:-). tlwC do-

Mhel- (-) is tlte eitsettble asetigitiu oplfeatiti. which is isti- 11i111 ii Tided is

alfy substituted by titite avetagitig. or hyv avera.Ling its-i- a y, i'- -
suitable floltouigie Itemis filie Ti het COticiut ioftii ik a forte
tiiii of, two indlependient %;Ifriab .Is- anit x' aiid it is icea .''n ii- I~ ' Hi . I' II. (IfGt
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Ix ..... of' the bytes within a word. The data in this collection are
~-- ~ -- ______ rin thle 'big-endian' formn (zs used by DEC, IBM/Motorola

I and SGI processors), with the high-order byte in the low-
address end. Utilities arc included on the disk for convert-

/ ing to 'Ii tile -endian' form (as used by Intel processors).

/ / i Those utilities need to know the length of thc floating point

I 4 15/numnbers in tile file, which should therefore be fixed. Data
I / /1in binary files only, contain INTEGER*4 (four bytes per
I 4 I - ~ word) and REAL*4 (single precision floating) data, or their

. ..... C equivalent, except as described ntext.

I~ýo I ltirhe purpose of Jocurnentation, the first few Kbytes of
each bitnary file are reserved for text data, in plain readable
formnat, which can be isolated by the Unix head commnattd

or cquivn~ent, or displayed by more. This header conttains:

9 A first line HEADERLEtoTH =40 9 6 \n. giving the header

IFigure I: The two-point correlation function of' a one- length in bytes, followed by a riewlinie (\~l) character

dimniisional variable is defined in a two-dimiensional mnesh. to allow for automnatic stripping by user programns.

syrninciric withi iespect to the diagonal. Filtered one-point The length in this exaninplc (4 Kb) is equivalent to

statistic.s arc comrputed by cotnvolution witht square filters ahouit 50 text lines, and should be enought in miost

centred onl the diagonal. 'Only correlation values inside a css u'sncflshv ogrhaes

narrow band are needed lot this operation, whtich call be 0 Tile file name.
reduced in hall using the sytamectry

@ A short description of thec data.

Note that, fcr data defined on inhomnogencous grids, thle * Basic references, including the relevant chapter in

bands in (16), even ifithey have a uniforin geotitetric width, the acconipatlyittg printed volumne,

do not necessarily have a unitorin numnber of' points-, and a A short description of the formnat.
that the associated data St'luCtUre needs to Carry informia-
tion on the beginning and the end of each :v' 'interval (sec e A short piece of code or p)seudo-code that can be
figure 1), tobhedded in a cornputer progratin to reed the datai in

The niaximiurn filter width. fl. is a paramecter to be decided tire re:st of the tile.

dluritig the generation of the data base, and has been taketi
as uniform ;is possible. even for nionuniform, flows. A tea- Note that the byte-swapping utilities that translaite between

sociable oider ofimagnitude is one tenith of the relevant flow the two-floating point fortoats will read the 'HEADER-

d itnens~ion (such as the chantne Iol haf-w idt, or thec bounodary F.NGTH' linte and copy the header accordi ngI y. Thus

layer thickness), corresponding to very coarse l.E.S grid- these utilities can be used onl the includled binary files di-

with 10-20(P11point across that dimnirsion. reedly.

Thte p-CXiOUS discussion applies Mostly to datal originlating 2.4 Correlation functions
fxpromn direts nt i gneriall sit otiy ons.il to filteri laboratory The most cornplic atcd formnat is that for thle correl ationi

ewpeimech.i is hotgeners nally onlyfpossible'otfiltertinbtime function in itthomogcncoas flows sintce, ats discussed in the
sybilt s htitgenous n al te fowsto tis atabas. previous section. only a bantd of the miultidimiensional ar-

2.3 ataforatsray is nteeded, and the width of that band is variable, T[he
2.3 Dta fomatsfollowing is a possible data orgatnisation withtin a Fortran

As inuch ats po issible, files aire self doe uti enti tin andI self -aiwhchsbenflodasnu spsil.prort. whca enfloeda uha osbe
contained. Smnall data sets are given as plain ASCII files, Also included is pseudo-cssde ito be used in generating and
whitch canl he titan i plated, read and editedI Using standard using the correlation functiotn. It is assumied th at thec di f-
editors. Maniy old~er editoirs anmd Fortran compilers do ntost fere it cornpone nts of' the tenisor are included in thec code
admnit formatted lImes longer tliat about 132 chatacters. as thec last running inidex of' tile array eouv. Since differ-
arid those have bicen avoided as tituch as possible. ent flows have at differeiti number of iiiii-Mcr CotnlitnentLS,

Moreover, sinlce mnany sniaI Icr systemls would not edit filIes the se are identified inl the f il e header.

latyni thian a few tens ofl ]<bytes, and large formiatted I/0 The followving are thie declarations
opet ations arc imipractically slow- in insist Computer sys-
tentis. lilcs larger that about 50) Kb ate in binary 'flat' fit- - - - - - - - - - - - - - - - - - -
miat. following the IEEE floating-point stantdard used by c assumnes Lwo inhomogerievous dirctions,
mnicroprocessors. Tlteic mire two inipleitentiatiott 'lavours' cl x anri y , and cnn' hoinogogneoins one z.
if' (his stantdard. whtich It(iffer by the poi tioni e in toe tot rs c fly 11y ares guid dsi:-.es



c nz = H/dz is the max. filter width case, only data for z'- > 0 need be stored. Use of such
c m number of tensor components. synioletrics is described in the header of the correlation
c 1: u'u' files.
C 2: u'v'
c 3: V V' Note that no is n11 M tl full extent of tlhe cOMtpulaliontal grid

c etc. in the - direction. but lie expected wvdfh of the widce fi1-
c ter. it sonic cases. especially in experihnctls collectedt with
c xmx (it-> index in x(*) of the highest sparse fixed sensor rakes, the spacing between the data
c ii in R (xli) x t-.. . available in sonic directionn, may he larger than the wvidestl
c xO (i) -> index in Couy of expected filter, in which case nz = 1. and no filtering of
c R(X(i), x(i),.. tite stalistics is possible in that direction.
c ymn(j)-> index in y(*} of the lowest
c ji in R ( , y (j), y(j j ),. Note finally that the collection of reliable corrclation func-
c ymx(ji) -> index in y(* ) of the hirthe:t lions requires large amiounts ofdata which arc lit always
c ji in R( .. y(j),y(jj ) f - ) available. and that users should be aware ofethe possibiliy
c y0(j) -> index in couv of oflarger ertor bars in !hese quatitics.
e R( ... ,y~j),y(j),...) lc Acknowledgements

c the dimensions ntx, nty of the list This chapter is the result of discussions with tany pco-
c couv should be large enough to
c contain Lite whole band for each pie. mostly practitioners of LES or DNS attd therefore ei-

c variable ther providers of data or potential users of theto. Many

c ------------------------ *-------------of those discussions took pIece duriitg the 1996 suttitner

parameter fnx, ny, nz, ntx, nty) school if the Centre for Turbulence Research itt Stanford,
real x(nx),y(ny) ,do whose hospitality is gratefully acknoiwledIged. Many of
integer xmx (nx), ymn Iny) , ymx (ny) the ideas ot tile use of the correlation function are due to
integer xO onx), yO toyy) Danicle Carati. Alan Wray provided getrnrus help that
real couv(ntx,nry,-nn.:nz,m) wa. essential in the design of the data formals.

The x variatitn of thie correlation R.(r, ' ... ) is stored
along the first index, ix, of the list-organiscd array couv,
The i- th line tff the function, corresponding to x - x ( i ).
is stored starting froti the elettent ix = x0(if which
contains the informatiro for r' = :r. and ending at I.x =
x0 fit +xmx (i) - i. Note that we have used the symnlctry
of the correlation tensor with respect to i' i ) x'. y < y ___..
z +4 z', ii 4-, v to tivoid s•orinV data for x' < .r. For t1le yJ
"ddirection, we cannot use this symnimetry, which ntalkc, the
indexing of the y direction slightly different. Here we have
tthe j - th line of the function corrslprCllindig to y = t (, )
stored starting froil the eleniett iy = yo (t ) ymn (t I -j.
Which eotIIa~ilis thle infortitat ill for y' - y (yno if (j . and
ending at iy = yO (i ) +ymxj W -i . Fintally the third in-
dex for the z direction, which is assitnted to he homone-
ncius with uniformti grid spacing ctz is simipler. For a ,rid
spacing dz. the correlation for z' - z - d:"-k is stlrcdt-
witll index k. Thus, the inforilnationi for thie correlationi
R,,(xW, xx(ii). y(i.y(ij). -'- z) J R,.,,(x(iif.i
x(i), y(jj), y(j),z -z'), sherc ii > i. is found in

if (ii l..xmxfif .and. jj.go.ymnfjt j
& and.
& jj.Ae.y.ix(j) .and. abrtkt.le.nz)
& t:hen

R: couv(x0(i)tii-i,y0fy'ji - j,k,m)
elsc

R= 0.
endi t

where the corclatiot is set it) ,cto Ilo points ouisidic the
storcd band. For ta honlOpcll eotl, spnutial direction. there

tlv at i)bca statistical sylniieh y v hetceby Z,,,. ' -
S- ±R.( .. , z - -'). wherc ilie plt.s or itniti sien dc-

pends or, li.ie velocity cotiptnenas being ci rrclated. In thif
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Chapter 3: Homogeneous Flows
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3.1 Introduction tilinear) homogeneous shearflow, also known as unifornlly

3.1.1 The basic configurations sheared flow. Various relatively mild distortions from these
Ipure' configurations, such as uniform strain andlorstream-

By definition, turbulence is honiogeneous if its statistical line curvature, can also be included within each class. Geo..

properties (with the occasional exclusion of the first too- metrical distortions of the flow domain or additional strain

ments) are invariant under translation of tile origin of the rates may introduce additional production terms in the Reyn-

coordinate system. This implies that, ideally, such a flow olds stress balance equations, or affect production implic-

should be unbounded. Simple analysis further shows that itly by modifying the turbulent shear stress. Of special in-

non-trivial turbulence cannot be both homogeneous and terest in many applications, including flows in turboina-

stationary (i.e. with statistical prope-rties which are invari- chinery and planctary flows, are the effects of rotation.

ant under shifls of the time origin). Neither experiment Rotation introduces centrifugal and Coriolis accelerations,

nor conmputation produces exactly homogeneous flows, but which affect the turbulent kinetic energy and the turbu-

both introduce a number of' approximations. Notwithstand- lence structure. Rotation, curvature and buoyancy have

ing such linitations, it is convenient to maintain this term been identified as analogous mechanisms, so, with pro-per

in order to distinguish some relatively simple flow coafig- care, knowledge of tihe effects of one mechanism may be

urations from more complex ones. In the following, the used to understand the effects of the others.

term 'honogeneous' will denote several classes of approx- Homogeneous turbulence has been studied by all available
imately homogeneous flows, which approximate, to some means for as long and as intensely as any other class of
degree, the theoretical notion of unbounded, exactly ho- flows. Its obviously appealing features arc the relative sini-
mogeneous turbulence. Furthermnore, there is a difference plicity of the statistical equations of motion and the lack of
between experimental and simulated homogeneous turbu- interfering factors, such as wall and entrainment effects. In
lence: in experiments, usually conducted in steadily oper- particular. its subclass of homogeneous and isottopic (i.e.
ating wind-tunnels, turbulence is, at best. rransve;esely ho- one whose statistical properties arc invariant under rota-
mogenecous but changes statistically along the direction of tions and reflections of the coordinate systemi) turbulence
the mean stream; in DNS, turbulence is nearly homoge- is mathematically the simplest possible turbulence that can
neous within the computational domain but it is allowed be devised. On the other hand. the a-gunient has also been
to change, statistically, with time. The usual conventiton made that lack of production and preferential oriemltation of
is that wind-tunnel turbulence can be considered as nearl' N the turbulent eddies complicates rather than simplifies tile
homogeneous in a frame convected with the mean speed, turbulence structure. Another drawback of hornogeneous
if its statistical properties do not vary appreciably within a flows is that they do not occur in nature or in technology,
volume which is small compared to tile dimensions of the which reduces their direct applicability. Despite these lint-
apparatus, but large compared to the size of the most ener- itations. homogeneous flows continue to play a very im-
getic turbulent eddies. Then, one can follow the temporal portant role in the advancement of turbulence research and
evolution of this flow in terms of the mean convection time. maintain a firmo position as test cases for the adjustment
which is proportional to the strcamwisc distance from an and verification of ncw theories and models.
actual or effective flow origin.

Turbulence call only be honmogencous if its produci.ion rate 3.1.2 The reported parametes's

is uniform in space; similarly, transversely homogeneous Although, ideally, all mcasurcd and computed values of
turbulence call only be preserved if its production rate is each parameter should correspond to the same or equiv-
uniform on a trantsverse plane. The simplest possible case alent mathematical definitions. in practice. discrepancies
occurs when the turbulence production rate vanishes cv- have been intrmduced in the literature, either by the use
erywhere, in which case the turbulent k inctic f c•r.y wo;uld of dilfcrcn, definitions or by differcntl types of approxima-
dcov,. Another relatively simple cunli.uraiion is the (rec- tion to the 1orlginu.l delinition. To avoid any confusion, it
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seems wvort hwhitle to so nmman i.e thle deli nhiotion, and inca- Dinert 11(iriiiii''ti vimiiiilrituiii

surernent./eomputattion procedures, used for the main pat-
ranteters reported inl the. pre sent chapter. an (iticsiCS Usat inl thlese s iln liat ions lot low tile de finitioins

in [1161. The rayns. one-component Velocity is computed
La jeriiiiiits ftromt (lie thr ee-dimie n sioial aIentergy- sped toini, E (-), asý

Thle mecan anti r.m.s. velocity componetics arc routinicly 2 A. jI•( vd

compu ted by timec or- c osetoble. av'ravni, ot l,ý ('a i respor-d-3
lag fluctuating signals. The integral lcngd scales are fol- Toe tttstaniianeous energy dissipation rate. r, is eciniputed
nally defined as the integrals of thie concsploitdi h twii-

point correlation coefticietnts: for example. (lie strcamw~ise ' 2 f k1.(dk
integral Icengthl scale, which is by far the tmost co ii il)ol

reported, is delitIL ted Tile i ntegr'al IIcnigh iscale is computed as

L R,, / J,(r,0, 0) dri L-- 1 J -iL(A-)dk,

In practice. however, this scale is usunall'yecomipitted by and dile Tay I'rto mic rose ale, A, is definted fron A2' = 1 5 wit /f,
integrating the streatawise auto-correlation coefficient nit The titiruiscalc Reynolds, tiuther is dctitied as, RcA
its first zero, tor to tear zero val ties, in cornihi nat io wt 5itl It it'A/i, atid tice large etdty turtnover little ats 7' L/iit,
TaylItr 's frozen flow approx imtaltioi. Occastionally , iliteg tal
length scales have beeni estimated fromt onc-dimnetsional .3t1. Thet uncertainty o lerpre eut
spectra (see below). The tocasurenient of' thle Taylor ad- itrp te rsus
eroseale, A. could( also lie a source of coitfuit~ott. The titie -1lwl 1rvlllgrneli~
Iital defi nit ion ( 1 6] of' thle -lay tar iiIc roseale, AV, invo vI S' /i i tFlt stni tiiiti(

a limiting pmeess of a two-point correlation iti a tIireetiont
normal to the dcli'cti on of thle corre Ia wte velocity como- Bee attss till preseri t I re poilte d oeasoic nicits itt hoiiittwe-
itetits, for example, ats tiotis I155 . w ereCl taken with utl- wire anlentotnetlers. their

onciieiatiitv stemls Iliutinly tlitn It'1: eoiistotiuliii and to~e oh,

12w2] /2 ~that iuisttituent. Howtsever, a genteral cliaracterizattion iif
A9 tmoidern lint w-ire uncertainity 1 301 might ntot atiply it all

re 1 iiitetl1 tipeFi itHnital resti It. wh itth span sceve'ral I uetaleý
A dffeen aproahuse mot fte yexerientrs anid tir' conlcurtrenlt witti sitch itmportatnt teclitological nil

As to festmaen apipmroa-i-0secte hotiust o ft i bycxpe roe ii r, vant-e sait. Ow ittcc rateit e ratit - the taist Fmiuii r iC auts h rt

listtoe srest atths tlricIcfitlistiati'S tliiit and the digital dlata actlttshitiit aind prot-eSstng . Sotiit of
time seies astile classical hut -wirc e iasorenients were ohtitwtld witti

entiirely atiattii means,. tnt101L'Ma~ i~il'/lS
A = Utiltes. etirretatiuors andl tdelay lies, and also titi hiied holictie

tIildtc itiiui.s and iuisiiiiuiui'iu:ituu'u. On (ilie itthiet hand, hi'-
ti i gi tn ii flow- :iWsaie relatively- tree (if s utirees of large? hut-

Although iii isotroliic turbutleceic the two detinitions com wire uncertainits (e.g. largve totiutenee intensity. Compit-
cide, in shear flows, tile lattler tdetfinition protinecs substaiu tiiii and tettpei'attre v'ariaiios andl fltiw resersat antl care
tially larger- mieroscals txha n tile tortocr one t]tie s (207). fit eI cx pen teters; lime as-oer a ting ltittle. lii sI UCeitr i -
Atmother appittach thtat has occasionallY liceni used is ti abile nue~l;tsarcitielnt.* part ititlarly) those of v'eilocity ituotocutits
cottpote A frIi tlic tutrbiulent k inetic energy tLissipation atit othet- pmariut'tt's ilepeiudiuig primiaril oIs' tilte eiergy
rate, cm, e.Stitateta (itSte bialantce of tither mneasoralile termns eu'uitinini! anud inertial -stbranee ranges of taurihilent stales.
iii ibe kinetic ettergy ceicatioi. In ha- tlatter ecise. tilte asý-
Sutliptiolt oh' local isotropy is also emplot:eit (.see tieloiss). 1-ot -"'ire Lt1Ciiol'aiits tt ss'ieuia ic tutuWli .1)INiitiii ttlli111)-

The utirliitleiiee Reynolds; numbler loF isotroliie tiurbiulene uiciths. hltti of, wliieti, at'coldiluiu Ili tlit latestl uitlernatiojial

is unianbigiluously defioed ais !iUr, - WiA,,/i. ]in non- Convieiitionis, ar coCtiiclltcit at it staittlaril de'imtiott It'sel.
isotropic fliws;, howev'er, dhe utse of hit ferei tteliiiitions Tlue eiiiiihiiiit-ut oteeriinN oif' at tot'aitrentetitt a giveit

and estitmationi mietiods forthe til icicoscale atidl the tiirbit- tuin iitione Iteecl. itstalkI the i)5'k cs-el (ite. with 20.1I
letweC scale (Fur. exatpiut. the use tof' (lie rit s. strt'anuw~ise oilit that (tie 1trill %-aituc woutltd lie s" ithlt (tic initerval wtiose
Velocity or the rat1Is. turbuitlence kineiecl energst lhis rcatieil botiitlaric, arc Ilie report tId s-attic ptts/mniiuis ttie Feportedi

sulistatitial alitbiguity in tile mueaning of' I/cs. Ith is] ais- tuiictrtaiti itI' tnirge samtples., tilie vsuttic of ttii'% oiiccrtatiis-
able ti consult with tile one inat stource iilexsperinmt'ital or IS t(1;1it)a to tCC thle 1.11S UiiCt-rt311tnvý,w~sl W h as ticei eC n ts-

nunlicrical data for thle appropriate tdetinittion. lii iiiia itsepiite (it tdt ptic I.Canl hie ' stuinatei by Pitip-
ci Is t'OiathniuIiuuu alt cxlýIy sting ccnutiunti es and takin L into
tt't'C1i'iii pisiýbte eiolctlttiiis M1o0110 tlte dilterriut unet-er-

ti-ci-t;tiais aw (1i1utus ill ti10 velocity or teiiitisoliati e ot (tic



flow-producing facility. imper fections in the fabrication of accurate to th~ai precision. Thec relation of numerical will)
the probe, dirt accumulation and aging effects. misalign- physical experiments has been discussed in chapter 1. Here
mnent with the flow direction, hot-wire length and spacing we brickl discuss the reliability of tilc simulations.
effects (spatial resoIlution), differences between calibration Thle main uncertainty in the results of numerical sijoula-
andc test conditi on,;, inadequacy 01 the cal ibrat ion relation- inistasiclCopainsreedmrnlngnuh
ship, instrumenitation offset, and human errors. These cf- ttoireais stotiial.y convrgeputatiostis are seladomst rufongeoug
fects are usually impossible ito trace backwards fronipt' trpercnich toalyk chonsred statsti. tineunn st~d-timc fo s

lihdrslsadtebs vial en festimating eplmns ietoe~tHM3 h inn iei
tihed resultsn undertheibety avalable m eansie of ba equivalent to a few eddy-turnover times. lit utnsteady cases

then resul etingpucrai neranty es wouidle tocynsiegombnatee- like HOM02 or H-OM23-25. they correspond to single re-
tion ofsom tyica unertinteswhie rlyig o th cx alizations. Moreover, the computatitonal boxes are only big

perimlenter's experience to exclude others. Random uncer- enuhtcoaiafwlrg dcs
tainty may be traceable itt the formi of scatter and intcludes enuhtcoaiafwlrgedi.
instrumeintation noise, inattequtite satmptle size uncertainty If we assume that (the smallest uncorrelated eddies in a tur-
and rantdom tccurrenees of systemattic errors, for example, bulenti flow have diameters of the order of l~rj, a large
effects of a fluctuating temperature on velocity measure- simulation, like tilet 512" foiced ease in HOM02, conttains
ment and varying moisalignmtent during probe traversing, roughly 5 x Idr uncorrelated eddies. Siitce die statistics arc

Au udimerlatiaysi ti crss-wre ncetainy, onfrm- compiled over a few flow fields, thiesamnple is equivaletnt to
Ali pdatd anlysi Of rOS-Wir Uncrtaity. onfom- fcw millioti eddies. The uncertainties of smiall -scale sell

Ing to current standards, has he~en performed in [8 1 and sitive quantities, like vorticities or gradients, canl theriefore
applied to thle measurements of [331. It accounts for curve- he expected to be small. o1 the order of 103
fitting uncertainty of calibration dlata to King's law and Uon-
certainty in thle detcrmiiimttio~i of sensor and pi-obe body Onl the other hand, the ratio of' thle box size to the inte-
orientations, which tire tile ioain cont;-ibutnrs to thec uncer- gral length is typically about 3, which implies that the total
tainty of first and second moments, while it proves that number of large eddies in the samnples is 0(1001), and that
electronic noise and linite sample unmceriainty are higher (tice statistical uncertainty of large-scale properties, such tts
order effects, at least wheti moodern imst-rumettat ion and encery densities or- Reynolds stresses, is ot the ordcr of
methods are uised . As typical estimiates of' tieasuring un t- l10Y..
certainty in hoomogeneous flows, ttne cotuld use thme follow- Alt exception is H-1M02, which wtis specifically designed
big results of this study: Ito improve thle large-scale statistics ttnd ctll probably he

Mean streamrwise velocity comtplonent: ±2%, trtusted to mtme level of 3-~55e, eveit for those qumantities.

Mean transverse and spanwisc vzlocity comtponents: ±3% 3.2 Isotropic and grid turbulence and their
of the mean streamwise component, distortions
Streainwise Reyntolds stress: ±4%. 3.2.1 Experinments

Traumsver~se atid spanwise Reynolds stresses: 180/%.

Domintant Reynolds shear stress (foi- shear flows): ±8%. !)ecav-ing grid :orbislr'ce

Shear stress correlation coefficient: -±0.03.

Turbulent kittetic energy: ±3% Sinicec thle earliest knowr ex perimen ts onl grid tu h LeimeIIc in
19.34 119 11, a large tiumber of experimenital studies have

Trhe uncertainty of the strcamwisc imman velocity and stream- beeni coniducted, involving stationary grids, screens atid
wise meamn stress decreases substantially if' these litrattie- perforated plates, swept grids, oscillating grids,; grids with
ters are measured with stngle wires. The typical urmeer- injection, itozzle-type grids, and. most recently, grids with

tainmy in other meaisured properties is iaore difficult to esti- rantdont), rotitming rods cai tying winglets. thIus resulting ial
mate, itt view of the wide diversity in measuring instro- very large Rf,. 11541. Thel iiost widely used published
Oieittttiott atid procedures. lIntegral length scales would data arc those by Comtmte-tlellot and CorrSinI [40, 411. These
likely have anl uncertainty comtparable to that tf the corre- results, presented here as case H OMOI), are we ýl docti-
sponding stress. T'he directly inetsuret Tlaylor microsc.1e mTcii ted, partictilart y onl spec tratl statistics, antd hamve been

is vecry sensitive to the spattiail arid temporal resolution oif' used tlinost exclusively in tile development of"DNS, LES
tlte hot- wire prtbe mid it is imure likely to be systematically and tu rbuleIc i-. tnodvls, thus ptiovid i g a bridge ito thle coin-

siverestitnated, often by a relatively large percenit. inl which putatlional amid theoreticail literature. They achieved ai pitr-
ease a correction must be applied to the nacastumements. ticittarly good isotrtopy (with thle ros~s. velocities equal to

cacti other withini less thatn 5Y() by passing the grid tur-

Once roiaio ies iiit I~kij, buleitec throu gh a slight 0I.27:1) cont ract ion. These and
imtny oilier experiments inl thle inicomapressible reg ime tax C
established that thle kinetic energy of grid turbulen tce de-

There are virtualty tot measurmenitt unicertainitties in mod- cays with distance from an eflective otigiti. and calltlhe
erti direct numericaitl sititulatiotis. The tnumeiricaml errors ill fitled by a power law with -an exponentii in the raitFe be-
a li igli-qutl liity spectratl code may easily be below thle 10-: t weeit I1.2 a itt 1.3. TI i da Il I tiCal/lU tll eriCa I pred~iCt ion ot
level. This dotes not eianl. lioweser, that thle results ate mprliper decaNy CCponteizi tetI~itaum a ntajor challenge.
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the distinct featue oif prcsentirlg the development of' (lie
100 0 r/llO005 correlationt coefficient 47TF/rir nader the in tittenneC of a1

a fl/_S 054 0015 sc rse si ain: it macnhes vailues coniparable to thtose
lo" utl.O 542 of' lW/I'r' ii slic ar floiws. HON106 dcutie ti s (lhe am l-

.......~ n justiminit (it' aiminitopin turbule'nce it) an addlitimtitioa plante
102 sirajin Firially. as it repre'SeOtlttive Stud(l' of' the recosvery

of' turbulence tomwards isotropy after the retiroval ((F planec
Sli~lin. we present ease HON107 11161. This work doco-

ntens titat tlile tate o11 return loscards is~tiropy (eperld~s ont

tbm initial cticrv partition to Wt, ComlponclteIt: it is faster
10. vdien thie turbuience is inlitially rear iv a xi symtalict o and

.o A W slower- when one of tie two tranisverse ciýjilpotcllts is sub-
0& statitially larger than tite oth~er onti.

10- tIi .. 01
108Fublec 0- . 3.2.2 Direct numerical simulations

10.2 -_- -- 1IlecatISe o fitS SittilliCit)' isotiopic turhulence has hislori-
.10 -8 *6 -4 -2 0 2 4 6 8 t0 call\, been tlie subj ct( o somn (if thie the laget ltteri-

A-t(/A it' Cal sititllat ions at an i' ygivenl tit1e. It is usually mode(11 lli

F Igur : PRdf 011 1ituidinttl velcit di ffrrie ll [ri as .a peri .odic cubic n~ltitriCal boX. Withtout Solidl bound-

Fturbuece anricseetesl ri using, spectral numerical schetmes sintilfa ill spirit

or inl eltail to thec one deseribie( in ( 1761. We wvill re-
strict titrselses to itcompressible flows. High quallity corn-

The Comite- Bell il/Corrsi n res~t Its will be s upltittdwih resbi UiitltIC d 5ia'OtIV li'~il tpaei.il
someti recent tmeasuremenlts [ 591 01. probabiliiy den(iC !'tline- tia (lt! i tie i atl ready ionclutde fairly l arge calu in llt mitts 11I70,
tiotis (p.d .f.) of velocity di fiercnmces in denay intg g rid(iIUrbiu 10(+. Because of [lie Poss ibility5 of ti5201itt It it Cis. 1tc laIt -
knele, PresenIited as case I lONt) I ,These include pd . (i.f' 10r CodeCs itre ItS ally flmi spectral andO~ rely otn hi g it rd er
botht stCtitcaWisc tod tratnsversc velocity di ilerlietes over fittitc-differemtces or filltite- voltumes tehnitltmltc%.
distances corresponding to thft interti al su brante (If tii n~ iThere is geIic raIairrecmon ittlilt tile large sca cs t iiistoItplic
crgv Speerutt.11 which Would he pa1rticularly UNCI1 tol LE S innimitipressibic equili brium tklrbttlnnlcc aIre essentially itt-
developtmett. As typicatlly sftown1 itt figure I, fhese p.d.r. dlepcniCit(i 01"111 ReSltoflis iuiltlber. Whitin Wotuldl scentl to
-ire skewed when tite distance hlwcctt Points is ill11 uisottlelr imply thtat at siitglc sititllat ion, itl ii ftinientfv fhigh Reynoldis
thatt tite integral lengthi scale. L (comipare these resttfs to Itulttl1')Ier NItMil I lie ettimmtgft to charaicwri/c .thiti . how. Thisi
the skewness oftilec veltocity derivative 121)1))attd approach Itas tulrnled l (it, tole ;itim .orstllpl ificatitli. lIt tile first place
the Gaussian p.d.f. as thtis dlistanice becotmes comiparabile ito nlto-ecluiltbrnmmi client'. are irnlfimirtait. andl several sititttla1-
L, indicating tota the two veltteities become statistically ton1S 110%C cctttrd i1) thle di flerenies bUTwent brinedl and
ittdependefnt. decayivitgurbolelrce. andt ottl the influtence ontir tle atter cr

tite foroi of' the iiiiitial energy spectrumri 12021. Antliter
Grid mirimence~ tuhjr'r~ed to pla/ric ./straining eolipllicat ion is the iiltnrritlittC'tt befiviolnt of' titrtiiltcncv

( 17 1. \\ tich isN knlowniIi (ildepend Onl Reynollds tuiimhc, aindt

From its; inceptiont, grid turbulentce htas also sersetf as time whlichi has Ilot i'itcdl if ititiieriivi o si luhlwtitIs (If, fin ed

initial state irotti whtich turbttlernce is allowed to develop toi tuirbuleince. which at ireserit linc~lue tile hightest Revitolils

a distorted, mtore complex. statt. The devcltpiptoett tof grid Itittitlier siriutiat(ions avaiihitlile.

turbulence in distorted dut,;twas t first stiudied Ti conijulic-
tioti witft fthe development of (lie Rapid Distiirtion titeiry Dcm n flowiis

1136. 2 14], but fthe experitieitis thatt hail; beent refctetced
the not 05 rae thol se b y Tue her and Re vitno lds 1210j. whicht Lxprto nritiial reati/atittil of (fecayiltc' ntrholence are tstt-
ittclude at cIIC of' tlaterall tiistolrtiont ii it du~ot with a tent- atll\. atpproxiiutmicd b) tihe spatiiai danltlpiulg (if properly tma-
angufar cro~ss-section of constanlt area but varyineltgitiglit- ilipitl:mtcd( rild turbutleitee. with tile best knowlt examtple
to-wiefth ratiot, Such t)liltt there wals nio sttealwits'ic tulicati bni in li. 1J T(his experitinlet ftas lliitol iciliv becomile onIe
suairin ratet, These resmlits will be presented herie as catse of t[lie fii rt benchoarksý avitaiiust which ito test new stuli-griil
I-10M04. Mitre recently. several siutfies dealing witft [ie scale ITUS modelIs. pntrtictlarf v titcit ability to Itltcli lie
atdjiistmntt (of turbultlnce etiergy and1( strietuitr loliowinri ti1me CsOimitimins 0i' tlic ttttliilecie kiinctic nieigy anid of

atppltetictrioni onole or- imote Plane stlaml tates aitd ticifle-n time cnciem' spctrinir Btecause neitiher gridl tilbtiinice till

itvlit have inen published. This was achtieved lmY pass- littiierCHL:1llvinillai~lt OtIl e pllerfctlyis ltOlop~ic. iitccrasiillpI)
iitg grid turbitletiec through listsirtmiit dtrc (5 withi climpti ifetaileid siuitltmtiolisti tof ilprrall\- (teCOuVi11W. Nlpati;11YIlmpe
cal [67, 68. 1241 or- teetanpular 11161 criiss-swcctmmnmt As riodiC. ituirctinao' i -u I[ iilseficeittndctmei

ieprescrimtit s results for tile ifppliciltil oiif it sing c' pilanet ni(11;1. Se o a0 10 im5 SCQ its Compatlrsoi with I.FS aind(
straiin, we fhave selected case FHOM~t 11241 arid. for two reiloseoe (itc irhle pnissitlesnrc - rl(irreteut[1.
successive platne siraiwts ease HOiNlt6 [671 lit)NIt5 uts Thme elmallciutyc is Iti incluile coonlli'li (if tlite t.riee S mLe irt
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trum while retaining adequate resolution of the small scales 10".

at the Reynolds numbers of thie experiments.

A new simulation of this flow is included in the data base
as case HOM02. It was cariied at a numerical resolution
of 512ý' (k,,, = 243), using the code in [176]. The flow
was initialized with random phases at an initial Rc. = . 10. -
943, and was allowed to decay to R-e rz 60. Only results
with Rv,\ below about 105 arc included in the data base,: oo, - 0
as corresponding to a flow that had sufficient time to relax
from the initial conditions.

I0.A >t'0 2 4

too

,c•: :•'•Av/Av'

SFigure 3: P.d.f. of transverse velocity differences for
0%/,L = 1/3, and: -- , Re, 62;•. . 95, --

6 ', 142: -.- , 168. o , Gaussian.

l1 o' 1 . Oi 0 0 lo , -

10~ *~ to-' to` l ''7 itt
kii

Figure 2: Evolution of the tlirec-diinensional energy spec-

tra of decaying isotropic turbulence at comparable times. o ot.
Lines are simulations from case HOM02. Symbols repre-
sent measurements frorm HOM00. - and m , R., (. -0

71 .5 -.- and e , 65.1: ----; and A , 60.7.

An important issue in simulations is the specification of' '

initial conditions. Most simulations of turbulence are ini- 10 '0 0
0 24 6

tialized with a random flow field having a given spectrum Av/Av'
but uncorrelated phases. It is easy to show that such a
field does not dissipate energy significantly Until the veiCe- Figure 4: P.d.f. of transverse velocity diffrences for
ity develops short tern correlations. The skcwness of Ax/L = 1/3, and Rc 142. Velocities are low-pass fif-
velocity derivative, which is an indicator of non-lincar in- tered with Gaussian spectral windows exp(-k 2 211), with:
teractions is, typically, initially zero, it increases rapidly to -- , THL = 0; . 0.025, ----- 0.05 ....... ,0.1.
a maximinum, and then it decreases slowly as the Reynolds o , Gaussian,
number of the decaying turbulence decreascs. Different
initial conditions result in different initial iransicnts, which
model only poorly the development of turbulence closely mogorov hypothesis [109], according to which all turbu-

behind the grid: this is one of the major causcs of disagree- lent velocity diff-,rences within the inertial range should be
inent hctwecn experinments and simulations. The data set in statistically similar, is not precisely satisfied. It was found
the present datt base includes a flow field, filtered to a rcs- first that the p.d.f, of velocity derivatives are non-Gaussian
olution 128:1, with an energy sf)ectrniu corresflonding to a and Reynolds niumber dependntin [ 17], and it htis become
Reynolds numtiber sotmewhat larger thloin the most Upstream clear since then that non-Gaussian behaviour is also dis-
station in 141], hut with fully developed correlations. This played by two-point velocity differences: their statistics
ficld develops numerically into Ilows with spectra which change gradually front Ciussian to non -Gausssian as the
follow closely those in the experimteit (ligure 2). This case separation distance is decreased from the ii..- gral lenigth
may be concluded to have ftai rly realistic initial conditions scale to thc Kohnogorov mnicroscale 11011. 'n fact, the tie-
and is recommended for col mparisons With I .ES attempting pendence of the structure functions (oninmeits ofi the vyeoc-
to sinnitlate decaying isotropic turbulence, it)' differences) ott separatiotn distance has been used as ia

test for the differtent theories on intermittency I I 101.

fonredfloows There is experimental evidence that the p-d.f. of the ve-

locity differences are only ftnctions if the separation dis-
One of' the nmain motivations for the simulatioo•s of forced tance, ntornmalized wvith the integral length scale of lie flow.
isotropic Iurhnlence has been the study of intermittcncy. anid therefore essentiallty independent of' Reynolds nisnm-
It has been known for a Ilong tite that the oigiiinal Kol- her. ats long as the separation distance is within somn 'ex-
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'ended' inertial range [101. 771; the sarne resuli has alscc computatiion of* rotat Iin,, tur;uIcienrcc in) IM1M 13.
bccoi fou ind by ni trinri Cal Si ni ii iior ( ig ore 3). MIore - TiheCse simtoul ations achIi eved Rcy'nobs niumbre rs which ;iire
over. ftor separatior, lsIarge comnpared toi the Kuho~oo amoii til onos -i~bo t1 i inm i oi ae;
inicroscalc. tirce p.dSf. awe inde pendleni of i he Icti ili of R sI u r t iI rlr
the sinail turhUicni scales, arid. thus, cruld b( e measuired d x i io nr ci sa p

. flio:r \,;tine. and icr morst scrl urn laws io) sctiil 1(o their mine-
with probes, which are tuo'r large to ic soi scIi rc di ss pattiv5 i chsrOr 9 .i i r 11b e; d.h w e.Ih
le-ngth sacas. Promi this. (rie may conclude that. fitii nuicri- I?ýhhliLP 9) tsol era/d oee.ta

cal irnua~irtsthe d. i veocit cl ffccnec shuid ~ fille spectr iiof tlireso simiulatiorns dio no( actually econtain al.
Cal scnsrtvC to lsparlhtrrgo tirepdf.o elt veilertyce shoud.a least cquiiibriurr inertiatl ranre. This cart lbe seen itr figure 5.

as on, s te iler idh s nrrwe thn li seartin winch tests tire raiiy fte Krrlnoeorov A/5' laW. Whirir
as kng s tre jitr wdil isrr~rroer ~ta th se~crciicrr Sihould itchd itt tire self. sirriilcr ran ie of- scales- lcr whinch

distance (figure 41). A 'pood' LILS sihorrid also be able to ete icst nc iriigaerrprar.Aerdrgt
reproduce in te rmrit tent px.d (.I. at tlire resolived .citiesKr nei rrgrrr yetrsither ViOSl o-fO~'Q I ar ini Vpi I ci cci ordintr g tir

sihouid be equal Io .1/5 in tire irrertial rarnge Neverthreless.
(I ~nonie oIf thie plcitrd eCcrves reaches thiat value. aithrictigh tlire

sinritnaticrns withc tlice hii st fRs show a ICdec i to revIc
(lit------------------------- proacci it. Tire sarine ecrnelrciorr follccws Ircirr thle arnalysis

* * of' tife enrergy spectra 193). which suggests tial anl inrertial

~0.6 -rangeP `Arnchllt rich1 appeacr Ucntil I?( A IreccireS alt least 6()(i).

',-.3.3 Rotating turbulence and it.% distrtions
< tl4 .3.3.1 Experimtents

0.2- Ail titeasiirtireen is re poreld htere were takeni in l ife samte ha-
I~~~I s Wicfailty. at C)NERA. l-rarrre. Richic bridy rotaitriotn ahcnnt

(0.00 ill its sreamux ixc axis) wvas imiposedi in ntn air xtrectrn hy p;css,-
010200 3001 inc L it tlcrcrrrli a rcrtatirre eylicndricail dtccc equnippedl withita

Ax/ri re1-latively lccrii. hrrc-rrcest. lrcrrevcorrrr 'urbirlerree oxcs

prcrdUcee b\' a gird. positioneud rnear thre exit ui tlice rccatrl-
Figure 5; Norrmatlized thuid order struertire furretiotis hir ire duetL arid then it Wasý let ici (10-010c) fin ai inon roctacirrg.
thre focrced sintulaticons iii tile data base. For artl asvrrptcrtic dccwrrstrcacrr section.r
inertial range, tire functiuor shoruld be equal itr OX. Litres Tiesmlt ofironOcsA nthdwsl31

lire aispls con fi-tr 3.raccc Sreerrrs whene tir 1?icrw=rr5 Ireocrrc
tireas i Ognre . Svnbcrs ae jc at ?rs 55 rcrrc ~ dtrck rs ailsc Cyliridrieci. ill which catse tire rcrtatrrgtcirnr-

Thcmud of th phnomnonof incirillncyhaslilh- lenee is left tc decay. Thins ik presented lIren a, ecnsc H)M il0
The~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~~~~~~9 std1. ieprnrrert friertteiybr iil- c2 whinch lar-eels stipersenes air earlier study init simiilarr

valctc several simulations uif' frcrc ctbcli pcrir icdr iturbc- coni!uri rtrtiorr 1223] ind i~s clcoser tic beirng Iticircgercrics
lecit boxes [219. 181, 341. Tice iruircicrirl codes rtir geri lawacs frcocm tire walkt thanrr any previolrs atictixpitoic prco.

thre floiw is driven 1-y energy flonut at its lrge: scttles, sio ar rrc is ir rec pe i iedc ýue

icr achieve a statstically sit~itortr' stlate. Thre forcedl sinir- ai ilcetccrirrss r eieci1 lrgicgtr
iatioris base achrieved suirtiewhla higher ReYticrirs litinrihers grid I three d ite-1crit ritesirl sizes,. l I rcrruh life rare crf' inrtr
kliar thle eCnt~yirIlj sinruttiricrir1S. because, tite)' by.pass, tle Ini- lion S1 (live dhi'l- letit rates;. inrelninizr tire r-eleCercee ease
tircl Iranirisirr in tire fcxrrriatiirrr of (lie 11urlruieri SIUt~rucit. ctf ncr rotartiic),l withir(ictce raccgc Ccf gid 'y Vcccrc.
dtriitg which. somei ulecav rs incevitaible. Forcitic ailsco tii n 2 M icr 5 c4(shnirgtr i i
proves thre stati sties at a g ivsen Reynicold(s norir e r. beeilL a use tnt cci erset. NIeasio reltie itls iicli tic Ic ire decaiy Ilutes. irite-
the Hlow cart he Oibserved Icir as, ]on ' t, as tire situiiccnc c rl cmhsalsadcxryspcrio'h ;rai-s n
run. orc the oilier hand. focrinrg iritrirduIC~s air Urrralicrml trnnrrssersc elocity cormportents. iThe effects of' rcrtarlcrr crir
nreliasicirir cii111 tie nigC Secles. tire urrlUlcicHC rave been chlrcterarci/edi tK tile valtre oif [lie

The flata base incluides it set if' sirrioitioris I l-10113) ait iccnrbichecc Rucsrfm uimich-1, . f/i, 1  ( \/ f/q// inch
Val icus Reynolrds itrir1hberK. ;il cif whicihl wereC obtained \kct11 canl 11 cclriieelc) iolltifci rid Rcrrh, imicr cciiugl tire
,hc samre c~iic rind Fcrcrrg screrrie ( 176]. arid at tire sarr:;e tlcimcleri kinetic ericige eqc(rt icc licTe resuilts slircw ilinci
resclutiticn ii, Kcciociirocrc unit,,. lire rpccrimed sHIMiIucicS lire Cllects Of rcctlriicrr 01' tirC tuclerreeDL SIItineUre Mtidl (C-
arc in (ihe rarr.ize 36 < I/?(A < 1fi `Cn crrrai. cicls\ statlisli- ens rarte beecrme rirestriracble ccrcl fcr i/o,., < 1. Tire iroinir
en! averapes art Lier)e. hcclc irceacise irnitiarl ecndckccisn ,cre el'ICei- ire tin oseraili (lecreiso (it tire deere , ate cf tlire k i.
,-rclCVtcrct 11c0 r vr lcWS. Proi beCnCixe rice liILds are Oo rcrte ecreics arnd nut Oflrrccc ci riiscrircips. wsiith (lire

InirgC in riOSt eases It,- rInlUsicut -llissese. ii 1i1ic1+7 flOss irarisscr~c COrinpiJcrintl( lo-inl rCocgov iljjrcuirgir (lixlipl;.iicc
fieldI -(Ti 1 Hor\ =ir 11-7 rSsirirukniciri has b-cri tnelrroii, dwicsr tmirnc tire sliarenwirrs ocrc dcic. At iris rte, tire ci-
filivcru tic 32:' tscM1lrtiorr. to beC used as, irlnitl Ccrr111'di-r Fcci' of tcrt;Ircir itt these eslierimcirts are farl Irencil speciac-
in i-FES CXhiLr-irrnis. A vcriccrn rcf this ticvid. i1 2 8"irecio uWtll. s:1 0ric `ccUcld V-;p'Lc thlini ilrCN encic DBriy he preiliCtei
iut(iorc. has been used irs tIc mirritil eitl!otii'rlic [lii tilDN~S liV reClrnil ileiiror-tel ocr rririnriviial sitidies.
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In subsequent studies, rotating grid turbulence, generated rates of rigid body rotation and plane strain on grid turbu-
as above, has been subjected to different distortions by lence in a duct with a rotating, cylindrical, upstream sec-
passing through ducts with varying cross-sections, Case tion and a non-rotating, elliptical, downstream section hay-
H-M 12 is a combination of rigid body rotation and ax- ing a constant cross-sectional area but varying eccentricity
isymmetric straining, achieved with the use of an axisym- and orientation. The mean shear rate in these experiments
metric contraction as the downstream duct [ 128, 127]. Two was comparable in magnitude with typical values in tlie
ducts, with the same contraction ratio but different lengths, streamwise shearing experiments, and the flow maintained
were used. Compared to non-rotating grid turbulence sub- a good homogeneity. There was a consistent development
jected to the same axisyntntetric strain, rotating turbulence of anisotropy and the shear stress correlation coefficient
displays: a) a non-uniformity of the radial distribution of reached values comparable to those in other shear [lows.
the mean velocity, although sufficiently weak to ensure ap- Unfortunately, the development time in the test section was
proximate homogeneity of the turbulence near the axis, relatively small (the maximum total strain was 2.25), so
b) a reduced decay rate. especially that of the streamwise that the Reynolds stresses were still decreasing at the end
component, and c) a reduction of the Reynolds stress an- of the duct, which indicates that production by the mean
isotropy, mainly as a result of reduced streamwise energy shear was still not the dominant process. Despite these lira-
component decay. itations, however, these experiments have some advantages

Finally, case 1-1M 14 presents the development of grid tur- over the other shear flow configurations: decoupling of the

bulence in solid body rotation subjected to plane strain shear and turbulence generation mechanisms, well defined

It124, 126]. This was achieved with the use of a duct having tn tion ad turbulence measurements in the flow dsvelopment
an elliptical cross section with a constant cross-sectional region.
area but periodically varying axis ratio and orientation. Corn-
pared to a corresponding undistorted grid turbulence with The remaining cases in this section correspond to conven-
the same decay tirme, this flow maintained substantially tional uniformly sheared flows. The idealized concept of
higher energy levels and appeared to reach a plateau of ki- homogeneous sheared turbulence, attributed to von Kar-
netic energy, implying a balance between the production man, was realized experimentally and carried to maturity
and dissipation rates. The Reynolds stress anisotropy ex- at the Johns Hopkins University in the 1960s and 70s. In
hibited an oscillatory pattern. these and all subsequent studies, the shear was generated

by passing the flow through a device with a variable resis-
3.3.2 Direct numerical simulations tance and some care was taken to homogenize the initial

The numerical simulation of rotating turbulence. like those length scales. The first detailed study with a reasonable

of decaying turhulence and homogeneous shear flow, suf- transverse hotiogeneity had a relatively low mean shear
f decaying tuhle noneq m an prhobmgeneousishea both large [32] and is known to suffer from insufficiently developedfers fror.; the non-equilibrium problem, in which both large truec tteue n hudaoduigti ok e

and small scales are important. All available simulations turbulence structure; one should avoid using this work. de-
spite its frequent past use in many computational studies

of three-dimenwional rotating turbulence correspond to the and turbulence models. Higher shear experiments [74,207.
spin-up problem, in which rotation is suddenly imposed to 20211hvreoedtipobntTwstsf c

v non-rotating periodic box, containing either a fully devcl- 209. 210] have resolved this problem. Two sets of inde
aped or a random-phasc field 1211. 140]. This is different pendent _xpcriments will be presented here: case HOM21opedor ranom-hasehel [21. 10]. hisis dffeent [207, 208], as representative of the Johns l-topkins exp)er-
from the experimental contigurations, in which turbulence in2ents 2n01 ease r ntaM22 [210]. as representative of the

is created, by a mechanical device, in a previously rotating inicnversity a t Ottaw a experi[210). s orep res ent of th -

fluid. Therefore, experiments and simulations of rotating aeriments. some reente3c-
turbulence can be expected to be comparable. if at all, only perients at very high shear rates, showing a dependence

after a decay tithe which is sufficiently lorg to erase the oftthe turl-ulence structure upon the mean shear and similar
to DNS results [117. H0M25], arc not detailedl enough for

effect of the initial conditions. Flhis requires a high numer-

ical ie;o'.utioi,: and a wide range of scales, which have only the present l)uiprusis.
recently become possible. Unfortunately, no appropriate Case IIONM21 largely supersedes all earlier [74] experi-
simulation on rotating tubulence was available at the time ments in the same facility and is the best documented uni-
of publication of this report. fortnly sheared flow experimnent. The published results

[207, 2081 include ample information about the line struc-
3.4 Uniformly sheared turbulence and its dis- lure as well as spectra and p.d.f., however, in the present
tortions database, we present only the most essential statistics, name-

3.4.1 ExperimertLs ly the development of Reynolds stresses, integral length
scales and microscales and sonic two-point cooelations.

By this term, one comtn•only understands a rectilinear Ilo. Case H-EOM22 includes flows with different values of the

with a uniform transverse mean velocity gradient, such that mean shear and initial length scale and is, thus, suitable for

the shearing action is in the streamrvise direction. The detecting any possible sensitivity of LES results to those

exception to this rule is one experiment [151]. ,to he pre- praanmeters Sonic recent measurements [591 of p.d.f. (l

sented here as case rlOM20, in which thc mean streamwise velocity differences in the same flow, have also been prc-

velocity was constant and the shearing otccurred on trans- scntei as case HEM22. These include p.d.f. of both stream-

verse planes. This was achieved by superimposing equal wise and transverse velocity difterences overdistanccs cor-
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3.4.2 Direct jinunicrcal simulations
100 0 r/=005

CIr/L=o 000 As notred in 11761. spectral s imulation codes for iso tropic

10.1 - L/0 476 turbulencne Can hc casi Iv ad apied to hornloge nous shear
(IL= 1.755 flow by a scmpl pt eIran iirmi at ion ofthIl set of, w(Iyclitumn-

10' G aussian hers. This approach has been used in a number ol* Ojill-
10lations;. The transforniltion is equivalent Ito distorting tlhe

compuitational grill Willh the tncan shear. and it is custorm-
. 10.a0\ t comtpensate this diistortion atregulair inevl s b

re-interpolaliilC tihe flow field into tlie original ortliogoncil
10-4grid. As aI eanseqloicnec, ill these sinlILI it ions, moost qii anti -

. tics arc cionly available at the discrete interpolation tilies.

4"t In thle prc sent data base, we haveco tinldedt three differentf
a-, datai Sets. aill of them incompiessillde. iii which tile flow is

10 , * triply pe iodic in aI pillaliclepipcd arid the nican shecar is inl
I Uiforionl y Stica red Flow tile x -dtrection. An equivalent coiipressihle flow sinoinia-

10, l 0 ion at t mode rate Mach inuminbers can he foci 0( it) 1871.

A i~~ / All' The first set -1-IM2 1 I781. cointainas tli te li f~erem flothw
simulaIction,;. with ditll::-ent ciombinactionis of viscosity and

Figure 6: PRdJ. of ritigituclincil velocity di'Ilereneces in uniO %hecir. Tile same sitoilcctioils ciontaitn a passive scalar field,
form ly sheaired turbulence. s b~ ecied to an imatposed, constanat, mcaii scal ar grad icnt.

Two miioc sitittlations are dyniamicailly idlenticall 1iiiftle cases

respoiiding to tile inertfial suhraiige of the energy. As t)'ti- titncilioiied above (U), bitl witth diffeient Schmidt Iiiiiilers,
emilly shown in figure 6, these p.dI.f.s are non-Gaussimia and for the scatar.
skewed when the distanice between po0ints. is Munch smaller Thle second set. IIONM24 [1 871 ha;ý a Reynolds number)Cl
thall the initejlira I Ieagtti scale, L, anid approach (ihe Gaus~- einipairati I to thant Iin the Itighe lit~q iile easeC IhVCboc, but
sian p.d. f. Us thli'. discanecL: bCciiMes comp~llaraleii L. 1,idi- uses ai diIl'irent nuocrica schem ita di 'Itercl ini'tiall
eating, that the two velocities becomie staistically indepen- spctrum . It i,, ridiodect to allow, a cunipcirisoim betwA:eet
dent. AlthoughI, (It~aicitilitiey, the p.d.f'. iii shear flow re- difierent numerical cs per imen,; ai eiitipirohte cojdilitioimi
scanble those in isotropic turbu clince. qiian titat ivyely. there TetidCs.H N1 17,ht tmc ihrdlin
are di sti nct di ffere (ices between the two sets. oi ly) part of fi lir ic -G 5II7,hsciicli ote na
which can) he attributed to differcences in Rce.k There are skuinless shear rate tiil the nther two. The sir-cilire ol, this
also diffe'rences in thle p.(lSf cd' velocity diffei-reces he- HOiW W5 lill Iiid 1 I'L di l'ereITi frlomn those atl IOiW slIear r1tes
tweenl points separated iii the stiearniwise direction fromi and esltihitec lonigitiudinal velocity streaks simlilair to those
chose separaited fin the transverse direction. These differ- in thie 1hear- walt Clejiiil of boutndary lci'crs midc Piples (see

eciiCC appear to contrtadict loeal isotopy. Aisoi 1431.

Geometricail distoirtionis (if tinii hrctiy sheared turhculence Tice SiiiicilitoniS in the two lirsi dcamc sets were Mtanted fi'10ti
seem to be frutitful etivircinienis f'or testing thecorctileatli hy ntal raniilcltipitase hociner Iloclcs Wiliith riveil power
potheses atid adjustinlg conipuitationail scelmices. It is. there- sticcirttni while thact Ii a tie third set was started t'-l mm illy-
f'ore, sotmewhatt surpi sing thiat onlyv relcctikel y hew l~dic ( deveIcOPe 1S-isoiro ic tO bci keeIC. enOMptIIited iii a ItreVIii isd
of this type exist, The appip catutio of irectowisc stai to "ciyig turbUlece1C Simcflciilln Thle lifleCeiTiCC ill tile S1tihi
unitoraity sheatredt tctrhuciteile by paýý-ug It thrIough~ IWO- queti des tlopmeict is seen ilt fiigce 7(ac), which shows the
ditmens ional con tratie ion.%, wilt be p~reseniited as case I-h GM 2o e vol uttill of dic t urbulncne Reynoldls n umble r bor all simin U-

[204]. The e l~eeis of L citrin Igaei actiotts / stream iiline cui - Icitions. White for tie random -phase initiail coiidkitiis /6c)
vcicure will be preseiitedl ats ciss, HO1M27 aiiid HtON128 shows cal iniitialt dcrecilse. [fo thie fuI I>- cdevetlopecd iniitiil
[82, 33], in which futlly deoveloped cuniformily sheared tcirl- cond~itionlls there is no initial relcaxationlin cniod.
hu tence was passed Ilirciug Iicurved duecis withl a comiisiant or Iipgirc 7(bIi shows the e ohit ii n of [lie d iniics ion les shear
abruptly chcanging rcadius Oif curvature-. There KThiCise [it)~l tilarcte.= ";q2/ togethier with exptimnnentatl resultý Ihu'ti
correspondinttg DNS f'or ihese typeos oif* experimienlt, but the 12 101i. It is clear ilcithat Ilitile o ilieI it1.tiierical values (li I'-
gCOUiCiieieS 1t1peCirl to hrej ito sti Ait ibl e for LES studclies. Iii fe r fromt each I othr cinid fromnt ile es 1W iili'tli il iitd' . Gile

par iclci, teseestrineuls l~c~tienIbot th rc~e f it- shoiucld keep, Iii mindt. hiowes-er. itit. in these sinuitlacitoits
jtistiielt tiCun i forint*y shecirc I II)v %strd)ltiire to Zldictinitmi iiiost of whit-b usedcit 1282 gi id. the staitsites ccntlkeil ovvr
strains Its well a., tile cqicsi set F-simtilcir asymtoltii ic strut- ci relciiivetv sinlil enosembolle iif flow structurcrs aiiid wsithliit
lure thalt sIcuiI flows accciese und~er tile prolotnged iifltcicicc thle I-enelitfoh inn civcralging. Theurefore. the o~scil lations iii
olotI uniforili ai~dditioniail siraino. inlrluciý LLI Clolut.3011 edIrse-s cure motli likely (cile to tile nio-

uuleirccill andI slat isteicl aloccllliinis Otil tiC inttil haiid,

thec diniensonoiess shear rate ii flic simltilciioins pieseils
an icrcitrcini: treiit. whoich is beyiond clii iiicerlitimty. ccint
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which is not present in the experiments. Such differences
should not necessarily be disconcerting because the simu-

200 lations and the experiments represent somewhat different
"* kinds of flows [2071, subjceted to different initial condi-
(a) tions. Even so. it is still interesting to determine whether

150- the simulations and the experiments attain the same self-
similar asymptotic regimes. As seen above, both types of
flows have growing Reynolds numbers, which is an indica-
tion that the turbulence structure is dominated by the mean

lOt shear. A quantitative test can be derived from the simpli-
fled energy equation,

Swhich shows trat self-similar growth requires that produc-

00 ..... S tion be proportional to dissipation, i.e. that0( 10 20 ' 30- -
S t Supjuý,/( = const.

4 This quantity is plotted in figure 7(c), which suggests thai,
unlike the experiments, most simulpions rcach their self-

(b) similar stage only towards the end of conpioational time.

Extension of the computation to longer times is prevented
both by the growth of the longitudinal integrea scale, which
interferes with the finite size of the computational box, and

; by tile increase in Re,\, which degrades the resolution for"•o 2(1 a given computational grid. The numerical aspects of each
simulation are discussed in the respective papers. In gen-

...-.......... .era, all of them are discontinued when the longitudinal
integral scale becomes of the order of 10% of the length
"of the box, or when the resolution falls below k1 j1 ,1zg; _- 1,
which is generally considered to be an adequate limit.

0 10 20 30
St

20tlI

io 20 30

St

Figure 7: Evolution of flow parametcrs for the she.ar low
numerical data sets. (a) Re.x (5qj'4/3r )l/-, where
q, I = -!s,L,. (b) Dimen ionlesy. shoar, Sq2/ I. (c) Simni-
larity parameter. -,Sýi-F/c(. Symbols; - : HOM23-
U. ---- : H)M23-W. ---- : HOM23-X.-6- :
HOM24. -o--- HOM25. * : Experiments from 12101.



3.5 SUMMARY OF HOMOGENEOUS FLOWS

ISOTROPItC ANID GRID) TURBUtLEFNCE AND) THI unIt lTORTION's
HIOMOP Decaying grid l itrbuilece F. Cointc-13dlot C (ousin )1.1 pig. 59

1IOM() Decaying pgaid turhu knee F Ferehichi & TaVOuLaiis 159) pg,. 6 1
H 0M02 Decaying jisotrop it t utu ecue N W rayjig. 63
HOM03 F~orced i!sotropic (Urhidence N Jimtutut & Wiuiy [94. 931 pg. 65
HJOM04 Grid turbulence with pline L TuAker & Reynolds 12161 jig. 67

strain
I01VI0MO Grid turhulene with transverse U. I-LuChIIIr & Beinoit 11241 pg. 69)

str~ain
1-10M06 Grid turhulen'x with successive E Genece &- Miahicli 1671 pig. 72

p1 tune straits
1-1M() 1 Retumr to isotropy of' siimend F. Le Penuven. Ge nec & Cu moe- Bello 0111161 pg. 7

_________grid turbulenice

ROTATING I UIZtItULEN.CF- AND) ITS DISTORIt~ONS
H-1M 10 Roualing decaying turbulence 1, JueqIn(LI. LCuehter 0f 111921 pg. 70
HOM 12 Rotatinug turhuku~ec wvill) ax- 1' Lcuchletr & Dupeu~ple [1128. 1 271 pg. 79

isymunetric sirain
1-1GM 14 Rotating turbulncew. with plane E Louchier & Becaoit 1 1241 pg. 82

S~train

SfiIEAtRI I TtUtt ITEENCE AND) 1TS DISTORT(IONS

HO2( TanvrslyshardIlw LI.uchtei r cidi 115 1. I 2ý 1 p". 95
1-OM 2 Un ifortmliy si eared fl ow 1; Tmul(itIaw r Cn( rrmn 1t20)71 pg, 97
11GM22 Unilkintly15 shemred thm ~ JF Ta' nlaru i% Karnik (2 1(1)1 pig. 89
H0M423 HomollIgeneousl shear flow N Rogers, & 1l'' 1178[ pg. 91
1 10%U4 I lo inogenetius shear Ilow N Sark~tr 118X71 pg. 9.3
H-IM25 Homogeneous shear 11ow (high N Lee. Kuim &- Mjilii 11171 pg. 95

shea )
110M20 Un iformily sheared floiw wjilth E Si cci isaan I 2011 pg 90

streamwise platne straitl
I11GM27 Un ifortmly slitetred flu% a with E - iItisa & 'Lawikiii ar 1821 pg. 99

u niformi curvature
I-IOMv21( tlitifortily Sheared 110% Witl) S- E Cluebbi, 1lhllowa) & Ti~ularik [33) pg. 100t

shaped curviut ure.

E: expetintetal camss IN: n~lmerical ontes. Consult inudividutal datasheets, iou nor ire ikia
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Chapter 4: Interaction of Shock Waves with Grid 'ruirbulence

Otto Leiichter
ONERA

F - 92190 Mcudon, France

4.1 Intr-oduction authors observed that upstreamn cotnpressibilit) produces

Interactions between shock waves and turbulence occur in higher vorticity components parallel to thle shock wave,
U Variety Of flow Configurations of practical relevance. Typ- whercas tilc axial component is convectd through the shock

icatexaplesarcshok wae/bunday lyerinteactons wave without major alterations. Simultaneously, the de-
and shock wavclfree shear layer interactions encouniterel crease of mnicro-lengthi scales relative to the transverse ye-
itt external and internal aci odyvarnics. Complex linear and locity fluctuations is less pronounced in thle presence of ui-
nonlinear nieclhan isnis comie into play in sucN situat ions. strearn compressibility, and the increase of the d issipat ioi

resutin ina dastc chngeof he urbletie srucureand length scale is slightly reduced. The important role played
the statistical properties of thle flow. lThe theoretical back- hy tile acoustic andI titropic fluctuations upstreanm of' thle
ground of these structural changes is the existence of com-. shock/turbulence interaction has also been highlighted in
plex interactions between the basic modes of' compress- tlte recent work by NMaliestt et al. (137, 13S]. The(, effect of
ible turbulence known as vorticity, acoustic and entrelpic shock strength was discussed by Lee et al. [ t1181.

modes. Fundamenetal questions arise in this context, con~- As mentioned before, tmFerimcnis in this lield canl be di-
cerning the atmplification of the turbulenice passing tl)'ougl vided into two main ctiwscs. The first covers experiments
the shock wave, thle change of atisotrolpy of the Reynolds pertfonoed tin supersonic wind tuimnliS, where a (normial)
stresses and thle associated length scales, and thle way the stationtary shock wave is produced by nicatis of a suitable
shock-impacted tutbulence adapts itself to the new flow shock generatirlg device. 'fle turbulenice is usually crc-
conditions downstreaimi of thle interact ion. aied in thle nnic re-gion of' the supersonic nozzle u i ing

Thc basic physics of' such cotmplex interactions iire mos a grid-type turbulen~ce genterator. Homogeneous (quasi-
conveniently investigated in reasonably siiaplitied flow con- isotropic) turbulence is achievad Lit (lid position where tile
liguratiotis. A typ~ical example is that of homnogeneous flow imipacts thie shock wave. The mevasurementts are made
quasi -i sotroplic turbulence sub 'jected~ to sudden cotupres- at1 a1 givenl axial distance Withi rePocc to thle positio n atf the
sion by a nomititl shock wave, Thi% typc of flow was oriis- sl'cck wave, Unamibiguous statistics are (leterinineil as it
intillIy investigated in shock tubes 179, 10)5. 84. 261 antd fuanct ion of' thle distance betweent[the mecasurem len fIpo1int

more recently in stationary wind ton ne I flows, [19, 1 31. an iesokwave, for a given upstreamn smi t of the tilr--
The rclevaiit piarameters tin these investigatioits arc thle shock bulence. These experiiltients are easy to C0omplir1e with- niu-
streligili (i .e. thie shock- normal Much ntumtber). atid] thle imerical si mulIati ons coinsi dering homoigene ous turbhlencnec
initial state of the turt ule rice i nteracting Withi thle shock flowing th rough a1 stationary shock wave.
wave, as dIefined by .c~ ni-bale nt energy level, the 'comt- TI icsecond fantily of expcriinents reportled ini the I itei atuic
prcssihi li y' conivn t. thle Reynaolds stress and Ic ne!t i scalec oil fice turh I etice/sin ck wave in teractionts conisiders tray -
an isotropy, an1d tilie turbulemle Reynolds num ibet. For a cling shock waves movi ng through a honiogenieous lurho-
general review ('l coomp~res sibil ity effects onl turbo ICUC t Octie lent field. 'The e Aprinien ts are perforimed in shic k tubes,
can conisult jI 1201. where thie i.,.ractiitg shock wttve results fromn thle reflec-

D~irect at urier~icalsiiitoul itt ioos!( I)NS) of decaying turbulIence tion of tin incidcent shoc~k Wtave tat( fiirSt passes lthrough at
passing througlia shock wave have been performed by vat- turbulcncc-gcaeratitg grid, ertiraining a transversely ho-
ioas aulthots (sou e.g. [l) 19 180), 73. 119 , I138]). This type tologc iieous turbulent flhow of conshtnt velocity, The flow
of tilprltach is commtonly restricted to Keyniolds ntumb ers remnainis subsontic provided that thle incident shock wave is
that are too low to be representative for practictal applica- suffic iently weak. The strength of the reflected shock wizve

tions. L~arge-eddy mioiations (LES) are expected to go- he- (and accordingly the flow velocity behind it) can he coni-
yottd thtis houtnd and he'ýo itt c it tire relevant for real-world t rol led to a cetta in extent by replacing thle reflect ing sol id
applicationis. Nevcrtlieess. DINS compupatlions. cveii at wall Withi a porous end wall. A remarkable facility based
fairly low Reynolds inumbers. do provide itteresting in onl this pritnciple has recently beetn constructed at CUNY
sig his int tiiilie Physics of' thle comple x nice han isnis Wh ich by thie g roupt of Atidreopoitlos (sce 125. 26, 271). all ow inig
govertn the interact ion s. For tinstantec, tile effect 01 u- wit holencc ntie.srnetswt odslc n incrs

stream c oniptcssibi litY (i.e. dIilattati onal velocity flucta - alti111.

atiotis t ott the turhulIcnec arp Ii tication (hard to evaluate UsefulI in formattitn cullt be guinted it-otin] this (il o (f' ex
exliennitciittlly! lm l et n brought tolight clearly tit(ii pe~n ilent about the basic mechanisms involved iii shock
work of liIantiappe I and Fried rich I1731. Besides ttice ha- wit ,c,'tilulih ctice ititc rttct i otis. Statiisticatltmeasurcie tile ~itsp-
sic t liservat ion that initial ly isotropic turhokt rie bvciottes ftrtmted at at fixed position tin tile shock tube are ntol easy
atSisym metric whteni pass in g UnthouliI thle slhttck wave. Ilic
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to interpret. however, in terolis of statistical lucasirenitints to a variation of otic percent per mlillittieter. illn1 liecpstreaull
made in stationary wind Itunnel experiments,. or Iin terms (if' Velo6ty). H-lo- wire teefthiiiq tcs aim IDfA were usedf for tile
statistical rcsu ilts obtained from anueinenal simltofat ons con- w uei e
si(cicring stationaryv shock waves (as. e.g. Iin 173] or Il I 81. The inCMllICitem Nt SftWIsvi Icit [Ile sticaitwime velocity
This is p~rimnarily due to thle fact that during ie 1wU',0h11 IWC

rindof ocasretents tfc ditane w~t Ik' luictuation; tire invcrased thriin'b tile shock wave, In agree-
the upcctop0aattgsock- wave jitereawes. while [li mniit withi Miller's theory. lrestile loi nitoifinlf tite-

state of, (lhe tu rbu len ccee Ciountile rd by ( lie shtock "iv gral lenpith scle is decitsead. L ike in) tile MENfA es per.

continually varying. Thewe intrircic difficuiltiesý airc fur- itient. lite ittittlilt (1ii comprcssifiilit IIn thie krtlieltlt part
ther aggravated by [lhe relatively short ltime avdIlable for of tI flIcC dntb uniie wteteoiusue
tile measurements, wvhichf (For a g iven dimien ;io of' tlhe fo tatinen.
slhtock tube) is a dfecreasiing lunectiono of tile shoc k ilt, ns It 4. Conmments on EAperifllelts
Therefotre, shock tube experiment' ate getteralk rl) wu wit
relatively low shock intenisities cotopicredl to tulcts achic\r. No direcet in fortoatio i' included Iit tlie ditto base concern-
able inl wind tuittels. 'This is also dlotte to ensureC subiociir ink! velocity speCtra-i. Since splectral alitafysis; was" cot po~si-
flow behind thle incidetnt shock wavse antd tii avoid chokinto ble w%,illth l wLDA ilteaitretuentsý. 0111tV Ill tOW seCLonl Cs.
of tile turk le lice: grid. peritteitt KT('M'.llomcersl w\cts spectral atitilysis perlformted

oii1 tot -svir sivttals which mlay bie astillited it) repircesitl
Tlie fol lowing descript bit of possible test1 cases, for LE m iass fits Il eticat iai ins. TI I lack, oi tutIttitlmCIt I k tetI ice nitrp.
Witli stationtary shock waves will ho restricted to witnd tiit sfltic k ;is smoons Itniutttot rerardiitg tlie mwsesstttet of
itel experitoectits itt sulpersotoic floiis. tttLill~ietrcl sitttlilt ions;. it~ilck ittit ia sp"ctra Can Onily ble es.

4.2 Experiments illt(lie data lbase.
Tol our kitowledge, there ate Iwo recect attd cais.ottably A miesoica hliatnOfol dow, tiw;Fm
welIIdoenkeite~l1d CxpeitCItet1It Il W~n ticitik's' "-ilt Sli A thler liclitofi.. in t l itittatoione pointittic datasets irwelasftt
tiontcrv shock waves. Thew first wvas carried totl m c)NRA thechack ofinfirttitiioOcton oteilil (iet tatdisticsu (awllde oas
MoodtjIO itt a supersottic Windl muitnef itn which lie1 "rb'c s1"tr1ldistin ibiitiiiiand aciticecinlie- cildeititAl, ictodes if
letice was created by melens of a grid located at thenoIv h DNS~ef tcitovr.itlcitiltetnistic, hacIioicst. A eideftteefC
eCItranMCC. The gritf IISelI etISi~tiltCte the sonIC hroa i (1' iet hilI) tile meablove I. these ititie have anl% sl~t a tic Itleticit

io/zle and proivides a Machl itutber of 1.4 at (lie lociliot C0tt(0 t liteat ton 1 te0IaICijistii OfOid ",iio ti tltrlila oelie ac
oldie normtal shock- wave. The shock pttsitioti is controlled ioiitdfrale ietttnictiesiliitlcidi
by 1 Secotnd throat antd~ by suet ott of thle btundtrv layer t iott lor I .I;S. i1s wella itIn stt1fl'gik itd Is0(~ . DI )u tot tleti i
at tile wtall oif, thle wvitnd ittel. Tc tniisticrctttciits ale .b) tittiice il stiiil(iC Ilot)itatC ittits ettuli lie itftitlel diitl~it. illill

Laser-hDoppfer Atteiornwtry 0.A. )a). po 'Ihic (itwrcased ettclulo' dcaul dowtiincluiiedo ill it, shck

The wost sallientI feCatUe Of thisý CAsIIeCuteit IS Uthe sharpl svas. anid tile abseticecO ol tynitti0Crulil e aliciplifiCatittit 01
chiange in(ie tenccergy' decayi tfuour.gi[the shock %vuvc and Ihw trbu~lent energy obset ved itt lith- )NU;RA csperitient.
thie absence ofllty sipitificluti amtplificationt itfihte tulbirlttt eoiiuld possibly\ tie ictit itul vi lo reIlatively 1111,11 leve(l Ofil-
einergy. Based 'it recenit D)NS tesuilts. itinyv lie ettifee. loitttitumol hlutwtitiattuts podi)eil by tlie Spec~ific t icr~ltle lice
(ticled that losw amtplificattioni oftthe ttcrbuletit kinietic ener0%y gecwiemiititt ihvi't-iseil for that expetlititeitl. Thce dilleritene
thticifh ile li shock wovi! couldf lie due toit) vitsi ettiitptes bets01 cen te [two sCXittieCttl', reI'01rdutg O tiwirbiclAeni-ct
iltilit , effects tIc tile sense that thie tlcettitifyoutiiic pressurec erg\ atn~pllicaietittit too lie sp1laihited ht a possibty tinCt
fluctualiotisstore etwrlgv itlice eperis oft( c ucir ilet kituCtir lesel if dititattoittl f11lciiciotts ini t11C (LAl CXswiittI'ttt.
Clleigy i1ti( aller th ilre tit ttt1M1111Ieclaniciiit 10 11. difti [0 3 "itildet tiirbU]Ulrtte feIMrititig pittedueti acid a1

'Thle Sicinid expeli intent't kvi pi5 fillf ticted at1 (BA'.l, oitliters..

itt a1 sitrillir facility. A ttulti-nt,,e tttrlitilecce gettei. LIAItaittttisi otpesbe oswt hc ae
tor (ecasqtituted by 62' 5 adjaceettt cotiicatl itit,,les wil used alc isicoilliv cocitaitttittieu by uilcer linilttes (ilce it) lit futlile
here incsteid ofl a ttrutlehtinee lpritl provtidinig sipotsiottic flosw pril ie~tts .111CL 1'li tid d kIi;) illI~ 11t 0 lie tliln Velt ely
ait Mal time. ill froint of Ilie shockI walve. wettl a siv reetiser 011teiitl eiti ~ lt aead IcodILcees
cilifc;citllv loweCr IL[Itrbilettcc inteistleelN ICTii t1ic Ill' OW N- spriousw tirbitleite ill tile ca it' pof %til'ttimeic pait ides.
FRA expmnem lnu and tcinseqitetitly biwet Reynold\s oItIcI liet extent( a''l level tif whlichi depend tilt lieC actilil si/,' (I!"-
her). Frorn tii% poitti of1 viesk Ilantd alsi withi tc)'ait it) dirl ( ibittl ofi tirli pail tides, Ilisic swticlicso it the bltvor oif
f~erettes In(ie Ic~t itesititing teeftitulics iistt . thle twi CspVt tidelks fhoilsu'tc tholigh at shock s\ise. in limittllia Hotw (see
intent,,s wtay bc cittisdeced as cititplctetttntt. A toiiiitll firt sctrvimpleI [1.2 12 lI~iThv deCtIl'IiIIttttct th1e pItssAIbiit
shock Wave is created In file cctitlcl palt oh 111viti' tStee- if kitliittlylt tes elicits 11isitti etrilittt~w laws il the par
tiolt by ntilti ifl a Macl ielicit pirtoduied b til ie ititet ic tuck-tc i1g1 anld estltiutiCi t01 tileistrIlMI) u0nits tipit' IllIC
tion oii two tuhlique shock waves iif opposite mcitltcitmii dish111111l ubiitt liiil birthesptitlIteit. (Ite' IrcOXI\y dIst;IItwe
This tart1 ietiha arrieitutiic Olt' isial 11tean %veltiets C;1ii IV e ttI'l i Ilie 1 iiiC the IC (il ii IC% lstItilltitietei.
to lie liticclily IicIVciisd bhelind the shock %%avse. :it it lar fr ltuteslI JrLitt sub m ite1rtiti sil/c ctiiitttutiil v icsell tittte C%-
Al/AX ii olialp iititiiel\ 5 1 x h0t .s I(kleittsptliut11'. plerit110e11'
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Fur the ONERA experiment, the meian flow and turbulence
data given in the data hase represent aveiage values of sev-

eral axial exploratinns performed at differcnt vertical posi-
tions in the plane of symmetry of the nozzle. These mea-
surements reveal satisfactory transverse uniformity of all
flow parameters recorded in the data base. A moderate
negative mean gradient of the axial ican velocity is ob-
served upstream of the shock wave, with a more or less
pronounced corrugated variation of the velocity, presumn-
ably due to steady Mach waves originating from the turbu-
lence generator 1201.

For the CEAT experiments, the reported measurements were
performed by single explorations on the axis of the flnow.
Separate measurements have revealed satisfactory trails-
verse uniformity of the velocity in the central region of the
flow interacting with the shock wave [2].

The CEAT data set also includes information about tile be-
havior of integral length scales relative to mass flux fluctu-
ations, deduced from atitocorrelations of hot-wire signals
via Taylor's hypothesis. This procedure yields only ap-
proximate estimates of the length scale downstream of the
shock wave, due to the fact that the n•can velocity is not
constant. I lowever, the asso.ciated uncertainty of the length
scale estimation remains acceptably small, of the order of

* I a few percent. The data indicate a larger decrease of the
lengitlscale than that found in the DNS of Lee et al. 11181
for the same Mach number, and nearly the same Reynolds
number (but for a higher level of the turbulence Maclh num-
ber). The comment on the crucial limitation of DNS re-
garding the level of tile Reynolds number (see above) also
applies t) that ex periment.I

It i emphasized hflat the present compilation is to be con-

sidered as a first attempt to create reliable data bases on the
topic of (stationary) turbulcncefshock wave interactions. In
spite of severe limitations with regard to LES assessment
(as outlined before), it is expected that the data selected
1`0r this purpose will provide useful information for fhrst
checks on numerical simulations ot compressible turbulent
flows invOlving shiock waves.;.
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4.4 SUMMARY OF SHOCK-WAVE! GRID-TURBULENCE INTERACTIONS

SH WOO Sta~tionlary shocIý on grid turhu Icnce E J A'q in. B liii & ell ty 1911 pg, 105
SH-WOI Stntionary shock- on grid Lurhulence I- Ba.ric. Alen) & Bocnneti 1131 pg. 1(17

L: expernimcnal c~ss N: numcrical one,, (iinm~iil nia dijidl diii shvcei for morc delails
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Chapter 5: Pipes and Channels

Robert D. Moser
Departmoent of Theoretical and Applied Mechanics

U ni versit y of illinois a[ 11Jrhana-Chanipaign
Jrbana. IL. 61801, USA

andt
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5.1 Introduction However, since these arc the only cases for which detailed

P~u Ily developed pressure gradient driven turbulenit flows in DNS datak are avail able, one of thc pipe simtulat ions is itl-
pipes and ch annelIs are ideal muodcel flows Itor s imiulations c luded here 11 32). Furthermore. a numerical similulatio n of
of wall-bounded turbulence Since thle flow is fullv (level- a rotating pipe j100] is included to provide a case with anl

oped, it is homogeneous inl the streazowise direction. Thus, extra Coipl)licat ion.

periodic boundary conditions may be used in that direction. lz atdd itiot i to be inzg attractive flows to simtOul ate. thle ebuzz-
avoiding the: problems associated with inflow and outflow nel and pipe are also experimentally attractive, and for many
bioundary conditions. Further, by assuming homlogeneity of the same reasons. For providing data that is consistent
in the spanw ise direct ion iii the channecl and Imsposintg pc- with the ideal izat ions inherentt iii a itouicrical simul ationt
rtodicity, or by usiiig the natural ioigular per iodicity in thle ([.1 S or DNS). thie pipe is the p-ceferred geomeitry, since tile
pipe. one cant use tranisforni methods ito inovert the elli ptic comnpl icatiotn ofcx pern mental side walls is avoided. Chlaz-
oplcators that occur in tittie discretizitg tilie Navier-Stokes nel flow exp-crztnents are usually done inl rectanigular clian-
eq uationis. This greatlIy si mpliflies the niumierical proce - tie Is w it IlIa rge aspect ratios (12 of- higher is com mnozt ). lo
da ics. Fin ally, sintce tile flo w is statistically stationary, by avoid largc szde wall efcfleets. On thle oitheicr handI it is of-
mlnza~izg all urgodici ty assumopt ion, statistical quoanti ties callt tenl easier ito make measuremoents in a chaotnel, du lr o thle
be easily cot mputed hy averaginzg itt timte . pl anar bounzdaries. Several sets of experimental data a tre

For these reasonts. fully develo ped L Iianne I flows have lonig itictuded for 110th pie, an itd channicls For c han nelIs. there

been sirruaiaed numerically, both by LES (e.-!. .l 1149) have been many experimetnts over tile years (e.g. 1114. 39.
1671) and DNS 1108, 139. 135, 182, 104)4. The pipe flow 55, 95,222, 1581). Iwo recent experimnittal studies using

is less o ftlez siiiu llutted due to tile neced it) use cyli ndrical thle be st c urreontly avail able mecasuremetnt techniquecs were

coordinates, anid deal with the etiordiziate singularity at Ill.: selected 1222. 1571. Thle Niedersehulte experiment 115"11

cerntre-linc. A variety (of researchers have reportcd success lease P)CI 11) is at Ruc, = 921 (Rj6', 18, 339) provides,

inl simiulat inzg ch aninel flows us in zig variety o f L ES miodelsI very well re~solvedl profiles, down to very close to t(lie wall.
'the Wei & Willmnariti data 12221 (case PCii 12) has less

TlI Ire have beeni many of DNS 's otf tho c hannel flow itt wetll resolved profhiles, but itncIudtes a ranlge of R~ey nold
tow Rey nolzds niumtber, starting w i th the sim iulatitn oi- Ki iii. 00111 ers ( Re - = 708 to 1 655). In add it iont. dat a from tilie
Mo0 in & Moser 11I081, whli ch was at Re, -- 180) to maii~tch classical ex pei imntd0 of Cotlitc-B1e1llot 1 39] are z iecluded ais
'lie oil -cliimzeý exlerizitetits of [55. 11I21. Thtewe Izw-Rex i- case PCI 113. These remifnz the highest Reyziolds number
ol ds- number simtiul atiois ate not inleIuded i ithItis, dalta base. ch annzel flow data available ( Tic, =2341) to 8 I16(0. 1l~ow-
though they have been used! cstiensivctv iii tile past I esp': - evecr, the it zeilsure zztc izts of Conitle- B Illot Well mat tde with
cially 1108]) for comiparison to 1.1 ;S. The reason is that the relaittivel lotig hit wires (see thle relevatnt data sheet ozn
Recynzolos niuzimber ;is e so low as to maike LBFS a qutes)tion palge ) , mo grealt citre is req mhz ed iil use itig these data. tin
able eznde avou r. However, there are three simtul atiotis avail - particular, tile near- wa ~d1hat a are noti rchlable. B xpe iziteiil-
able at higher Reynzolds ilo iiibe 51?Ri,,r_. :100. 395 azid tat pipe flow d ata frozmi 4 source,; (154, 1 6h. 2 I13, 228]) are
5ý-tt [ 139. I1641. Thle 4 imiitO oions att 395 and 590) ztiirti ld teincludedt here a,; eases PCI I10 I throu zg hi P)ll)04. 'Thtey spazo
by M aitsour, Moser & Kim i[ 1I39[ iire i nclIuded here as case a ranrige of Ryo'ylldsii numtiter frozit 750011it) Y3 x 1iW; with a
PCI I10(. There iire also two fully dle Sc Ii ped pipe flo is BNS van e t v ohJ dat a ava iIalable.
aviiliiblu 1132. 501. boii ;it filie sýarw Hv, - 38Hi tbhtscd ((z
fttalzieier). wtiichz Is also rea Ihv tool low Ior. t1citeig fiiltl H P.s 1-1rally. Channiel ilxsand pipe' have beezi sititiolated ;izild
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measurcd experimientall y with at variety of comnplic at intg Willed 110 he fi I ) de telOP onpcl ee litle' ;Is'eraeeCl da St clll~l
f'eat urcs stich as rotation and] cur Vattire, ThesL' flows pin, quaniitiesý convse rg e and goo ~i d a nectue wit it esperillneli.
vide anl opportunlity tor aiddhress tirese enarlplicaitionsý in a tall. meco~rsicd mean velocity profls hwx habeen reached In
flow, wi lth very sinmple ge omet ry. ThIS WVV se Al rot a~lt ('tIlk respecl siiiimlnlioinsý ac not carricd oiit f'or (t(' cxpress

p 1OW ' tire inICUluded iiitns(l SeCtiOn. They initlude0 (th' as- purpose of- meeein ian velocity dama hutl rathier they
hilly rotating Pipe siliula6tion by Or-landi I(tl 10 1 O I1't)5. are undlertaken ito provide in biormationi about pressure and
and both experinlental (107, 1 561, PCI 12() and l'CH-23 t and highier ordler velocity, statistics which mray' he difticult or
numerical (1168, 1 13). PCI-12 I and IICH-22 t rotating chart- iiipSihIsbC t (ibt) i xeiitttly

nels.Although expeiriments onl pipe flotw have a ii lonhistity
The pipe, channel and rotating chantnelIht' are discussed going all tile "-s'ay hack to (tie class;ical work- or' Osborne
in more dectail below. The ctases included in this secion arc Rcysnoids there remlains" today intense1; interest inl this flow.
listed ill tablei . mo st receitty b as ie log ar indmi seal jg law'; for tlie mecan

Velocity' liter the wall. which were once Universally ac-
5.2 Pipe's CCpred. fia-C been) cal ld initor qusIrIn001 !y Ilaren01hkllati1)]

Perhaps Ino other flow ha.1 been Studied iti mu1Lch 1% ttirbu' sc Io proposes to replace thie Re *Nnokil number invariant

lent flow in at pipe. Aside f'rom its obvious praictical iinpor- rInparillitiic prtofile withi a Resrnol(ls nitriberdepenelerit power

tanecc ill a valst var ietv cr11 industrial applicatiorns, pipe~ tloss law profile whrict asymptotes it) a lovarithmnic envelope.

has (htawn thie interest of researchers because ol' its [cii- 'I'lie distinct on between thle two profiles gries t iti or' roost

ieti cal simplicity anid because tof the apparenit ease wsi~ll fudtil'eC~iial undCi Staticing Of thle (f~lterdetice of' ttrrbleitt

which it can hie studied ex pe rimeritally O' Oilso Re ii ld s noIIC %n)ter l (sh itlie RQy in tds I Li inbe r IS
"cery large. At the t inie of this writ inrg, this ciritioveisy has

The latninar parabolic pipe pirofile is, knmownr to lie stable lnt( benicitesolvud one "-;\,is o antitlici' anrd there are sti iiit
to stmall disturbances arid so thec creation oif' turbulent pipe feelines oil both Sides.
flow is, sul.lWIY attributied to transition itt the pipe entry
botundary laver. As (lie layer develops alonjg thle wall simall FstA 0111:11, . Whentitlie dustý settles aI key role inl deciding thie

distulrbanlces becomie atmpliftied producing tiluibleiit spitts outcomle will linse been played by ttie pipec data enclos-ed

which convect driwnsitrcat ev'iititllv mtet'tiitg to pridice %%-ith thisl, data haw. Ilit partied mr. the recentieat'tttt

turbulent flow across the lull svidtli irl' tiles pie (if Zatc';oila ((ase 11CII0-1t when comubi ted with) thie iitea
suireeneiit ofl leitiest (Caseq PCI 10t2 ). LDur.st (PCI It0t ) aitd

Lindgrner If1311 aitd hInet' Wygtiaitski & Cuitiapagrie 122,11 'jTiticer (PC '103). proviihe a ratrt (e o nearly live orders of,
showed that this picture is, a little tot) sim~plqisic. Beltmiw a 1: Ima'lliitOde In (tli Reynloklds number with) a crsel'ull amkntirui
pipec Reynolds nuimber itt'about 32t1(0 (based ron d iaticitcr of redurtndanit (iertap lietwecit cases. Thie sirmitrltiot' data
a Valriety of' ritctiaiiisris ptlay a title illn tanlsitionl depend- hawe of' Louilou (Cae PCII11(1 piosides furndamencital iii
rig oil whiether thie enitry, Ilit is Stitti0itl Or disiturbed. lBe- forurat iolnabout flow statistC ics livirtclairly ticat (lie waill

lowi a Reynolds niumtber of 230(0 ev-ci large disturbatitres where ro1CunsaIltentU1S 01f ske%'wness in1l flitite.S Irate beent
at thle pipec entrtance will decay arid (lie flowi will relato- dile sub ,ject of' delimte. Thie rotatling pipec ciise of' Fat en
rttart',c. Above at Reynolds rnarmber uof allowt 320tt. tir- t('Case C1(10 51 is incluted to pits'idt: darn ott thle lcit1. of'
bulIcnee initiated Ity a disturbed clitrv Citrdit ion wilt Ilie ritatiriton nu11 bil~hlCnCC inii aWsell ICIhe hud [COiritety.
niaritamited. coitlsiderat irins of thti rulisit~o ironv, :''~tire

p)IILIrtiulary iMlportIti:11 ill the0 COMteM otf dfiledt rIIicineical 5.3 Channels
siniulationts which, (fire to ctompmier ltirdwv:ire hut at tils

ate ~ ~ ~ ~ ~ ~ ~ ýllll neesrl The orlt ~ (le Idealr/ed turbo leint flows lietweert tsIwoi~ Ic-Iae plates
-110 IW low ReyCodl itirorbers. diN11 is (l bill i

Since mostl sirnulaitirius ate timle dlevelroping2 thle floits' mus tetr ~ grrin irrllt h ali
he nit ifited Withi disturbances7VI Which Mir an1112e enl(ou li 1 Ileliaps thne eisiic~ wall h Ioundied lhow toi uitdei~ttiliid It i~s

excite tonlinear alirpl ilicatiori Ilehlim 'an -h'll InoititigerCoWL ill th i ~itwse arid SpaNissis dhireetiotS.

ulatiori Reynoilds; nurtibers rhtust exceed tile B( =i in2o from snteall ti tll nicanmcldsIllicliilielm

tireshol rd

A niumiber (ii criteria have Iteert proporsed ito test tincither TI,,t -- ill, d
a pipe floiw is fuLlly levCli~peil. lirlbably rite rillii rip - B4i) 0.1r

itoits is tlhe neqiiiremciiet that full' deCVelOtI)d Ihrw\ Ctitr wliere il,, is the titt~il iiivii slievi stress. y~ is thie cinirdi
sponids to it suttu where rtie tunIHIt henc iltietisti' Vi tle pipe I)IC iicnaeorirtal In thle %%ills (11 It 0 lithe channetle centre). U'
is Inidependlent ofl' sigiiilicant Clai~iies ini lie cdinl coluch- is [lie ritealni se~lrcity and I7 us'I ilic rieaiii pt'ssiiteC Viadiii
tilits. [hei eqtiivaleiti coriteri it) liti teiipowi smitiiilaioii Cii1. Thits'. irisc h iii Lan il>ml'ti -spiessiol lt~r thle iialii
is that [lie tuibtilerlice lesvel till thle simulairont ait ]lire little,, slier stress. 1Titls poitiste ai saLiiirv Check onl bothl es-
irruISt be. indelicetdcitn ill' [lie tiirbIiliic12C Ies- el usd to1 tilt- pecvinec'tLiul and Coliilliilltiiiiiml (ILiti. Lidtill espenitliteniti it

ti1C Lie i nofrw. Whtile' thiM Critent11oiri probablly OwIir o'; Itrs 10- ltc %klI 5he1'I' ;utrSN lo lie Ilintilribigiillsly deter-.
Irilorous., it is latetY usc il 111itlWNON(1C~il li Ii1ttciti''LliS t omi titiord. kila Iors : SitlIn iti' t11Ve lui'eIU iire lrdit'iit or tile
tritirittl cost tir fa-cilityliitiiut selnlly. hills'lo' Rc\snoltdsistiess thr tromt the ss';nll sstuer Ilit' viscouis stre.ss
deselopert flOrt isý gernertillIV ICCCpiIed ill irCUhI beVOItd riil is itee1Lierblc 'Ilire tRcyrolcls strc.'s andiktil tiilitl iirii iotrl
entry' trImine- otl 1001 to 1501 diaimeel'-, SiitiulmLhon' ate Lb, silessý MiiC pIttd 11oirt both1 tIre Stiltdi~ilrtrin 11391 (PO~I 10)1
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R(P Rr Rut, Comments

PiPE FLOWS

PCH0(, 5600 380 Spectral Method
PCII MI 7442-20'800 490-1200
PCH02 29300-80500 1610-3900 Includes roughness
PCI-03 24580) 1382
PCH-04 31000-35 x 106 I700o- I oi Superpipe
PCH05 4900 340 0-2 Finite Difference

CHANNEL F-LOWS
PCH- 10 6875-10935 395-590 Spectral Method

PCHI 1 18400 921
PCH12 13145-35353 708-1655
PCHI13 57000-230000 2340-8 160 Analog Hlol Wire

ROTATING CH-ANNEL FLOWS

PCH2O 5500-17500 0-0.21I
PCH-21 2850 177 0.144 Spectral Method
PCI 122 2900 194 0-0.5 Finite Difference

PCH-23 850-5000 67-300 0-0.055

Table 1: Comtparative listing of cases iii tlti chapter of tile database. Consult data shcets of individual cases for more
details, also see Tlable 2. Rllc, is Reynolds numsber based ont bulk (av-rage) velocity and channel hialf-width (diameter for
piple), 1Re,. is based] Onl friction velocity and hall-width (diameter), and the rotation number 110b 2SZ6/Ub. where 6 is
hall'-width and U5 is bulk velocity.

anld the experiments [157, 222, 39] (PCHI-ll PCII12 and 0.............______

PCI-I 13) in figure 1. Fur large y, all thle data should lie
just slightly above the equilibrium line, by thle antount of -0,2
the viscous stress. Note however that thle dat-a of Nieder-
schulte (PCH1 11) anid Cointe-Bellot (PCI-i13) lie below rh -.
line (greate' streCss), wh ile soni1c Of thle Wei & Wilin it
data IP 1-lI2) lie above thie Ilitne. Thi% must all he con d-
vied to lie crirot however, thie cause oif thle crror is no ilI
vious. Rugaidless of tlw. cause, these errors providesoi
Lituidance as tol the aCCUracy of ihL. second orderi st atitc in t.

tilte channel llowsý

Neat 1h,2 wall, the channel flow has, the usual features of' 000 0.2 0.4 0.0* 0,8 1.0
a wall hounided turhui en Pt1ow such as a bountd amy layer. 1
Itt particular, the mecan velocity eshit its tan approximttate F~ig ure 1: Total stress Iequ ili brioum, dark di agontal line)I and
log -layet and viscous sublayc r. In anmalyzinig tltis it) detail Reynolds slietir stress on one wallI of lie torbu len i chatnnel
however, ouc triost accoutti for time [lemt that there isatctually case.% * PCI- 12 at Re. ý 1655, * PCI 112 at Rc, 1017,
a mitl d fatvourabl e pressure gradient in this flow. The r, i s. A. PCI-112 at Re, 708, -- 13CHI 1 at Re,. 92 1.
velocity profile.; tear thle wall arc also similar to those o........... CH- 10 at tR( 5911 and - - -- PCI-I 10 atI Ri!,
fther wAll -boo aded fl ows. Sh own in fi gures 2 anid 3 ate 4100
the mean velocity atnd r itt.s. siteamwiw ts velocity froni the
chtannel flow cases inicluded here.

Despite thle ranige of Rcyttold~s no m her[s. aind Iteit three inde
pundnt ouies f~dta, be ica veoci.v pojies ll all which lie tabove thie others. Iill neitheri Case is this conasis-

Iteidet ~tueesoldat, h mtea vcoc~y rolle it w~ll tent with tin overall Reytiolds itnithet effect. This would
c00tid i ,ales col lapse remiarkably well for the cases, PCI-i tO ci t-ittv t h cuayo h lii toflles ill ithis
PCI P I attd PCH 1-I2. Abstenit amnt tp. these case s are the scilidctv ftl acrc f(i lenI

Villiatiumt of, log-layer ihitercepi With Revitolds number that
is CitO MMOt at very Ii w Rey noldls riotobet. The exceptiotns illt ilto. ruis gitreatinviwioe vlocity Pt olides, til em tear-lvl peak

to thie good tlatit collapse are he l('. v= 70)8 piolile2 front value is expected to lie a weakly intcreasirng funticon of

PCI-Il 2 . wifich lies% slightly below the others it tlte logr i-- Rcvnolds number 1199, 1741, and ithus is certaintY trite ofl

giot anod the 1, '2-0-ltand 8160 ptohiles fioii PCH 13, the dtam menm KIM1. IHowever. the peak itt thle PCHI-Il
case (11t _ 92 1 ) is Ii wet thantilte Rv, -708 peak- from
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0.0 I l~~~~IEcIC'4: IDitiiaito d-pielingtie cli fi' e iti irctiii orli th tial-
I 10 100 1000 10000l iitg d'l'ci cl lroM~ 1971

Figume 2: Meani vdiiicity pr ofileshilow the titthiiieit chan - InI turbiculen llows, (lie stiilvI ifa two'i-dimenisjionacl liiiurl-
nul cases. SYmbi-lsi ito i dcwsche din fiture 1. ary layer inl ricmltion aboutc(lhe spaniwixe axis 1971 leads toc

file Cociiluisioni thiti rtiltiolht Call Citttd, intitci5c tire level ofi

tUrbUleCeIC. for S < 0i, or dcaeaix it, fll- S > 0, dh'ot~h
110- 12. and tire peaks from the Vtwo PLH 1 (In eitilatioititts its wcitraction wkkith the wall-laver slirenk hI.o~ist II proceSS
(fic, r 395 and~ 590) ate h ighler than t he Rem , 921 and

Ri,=708 cases from PCI ItI and PCI 112 rcspoetivelb. InI view ol'Ilie funinclrcoeiil iiipomiittt'e of the phenicienoit.
ihuIs. (le datm from1 the three eases are not consistent Wiit W's Well o; itS IMICaiil 111rest (tota01llg Ilalit~iIieS), turbo-
echtl other repirditig the rins, u peak rind cerntainly ire not leICCe icodeIS Shciicll lie alIde to IC;drCuli)Ciecad prIC~dii~ hlis

OIItSiSICtiiI Withl ;I idiOiitittliC il)I'CidttC With) ReynIOlds lithc lieliri ioiii
bor. This suggests (lie level of u wecrtainty iil(the riO*5* vc- Ati ictetestim irCase of flocw roal ionl is that of a i iita~rig
liieity lhcetutitioiis. Note that thie nicir-wal I data if Comiit- Iwo-diineitsiicLical de velioped Chliniel hlow. (wiaoing, cheloi-
IBcllot (PC1-Il3) is tot plotted hi icc-c becus thec are not iiFrsut hr iL w iuetctcmdefet r
Co0tidieleted reliable tear. file' Walli. neli foreit h lit) tctlt tirhlcii i tIewoc tiucctlt iise

5.4 Rottin chnnes lile (t1cossote. leadinir I sile. atid deerertxctoin (lie stable
5.4 Rotating chann~~ k (suecticon. I cii I ig t side (see fitin re 4 ). ee9i. thiey eCall

Rotaitiocn, like emrvatuire aind buoiyaiccy 1231. caii cave ci I'ttl- Ilie hich diildied aind simulmoatd inl a single Hoiw. Availabhility
danieltal iflluence oil the stabili ty of lhayei~rs of teliable experitoenci damc 19)71 rind waitchiig DireQct Nrc-

Coiisiderit a unidiceetcliiial shear lkiiw., cltaracterifed be a inerical Sillltilatjioi. [ 113. '4. I09 (It iakes it a very stuitnilcL

veliicity fJ(1 ) ill the streailwise uhi-ectiiin .i,. and ouI-ictitic (est cawS lot mo1cdel vil idat iii., and it lois becen used as, siicht

abocut tire spaicwise itireetiocil z. With aliiyuilc velocity Q. -v NvIa -ecat-clhies I1108. 107, 153, 20)5, 20)3, 71.
Thce luic1(ilci~iticittif lllluic't dcscriliiif tIc his flow is [lice ii-l
tic) S of uitatiicii aind shecar vocticitv -dU /ch .41 I~tchiwt

2Q 13rttckmN o1,fithe ditltlmth ill Setittc ' !p tils l% w cictilýilcic-
Szrattoti. expcimiiiiitlis atie rarle. FHisv, t tliti frci iccu

rU/i/iiiielLiild lere: '1he elcissik.ill Worlk if- jo01IcitctiVi etfc. 197]

or, icl tiuciitlitieisjioncill terocls, tlt ire t omit.1 ci umcun r f(o iciid [lie muuce rcent wiork at lower Reyicii!ds ititumcer~s tof

2 hQIc5/U,_ where iS is typical lengthi scale. and U, thre vc- Ncikabliicshii aind Ktio 11 561.

hceiiv cale. l L2Xperlin~ccus, Of .ticltixtcit dl al. iltiitiilitell C lie ver-

This Parameter Call Icelaed tVMCI toc (Ilciw0% Ntcliilitv' tlHirooglc alll Characteri stic, oif, Ow flow. except lot the loiw Revcilulol
anl equcivalenit gradient Ricliardwcci ioumher (231, icrimicccr f'fucets esphoicd by NAik~sycnuxii attu Kitoll. liiiee

lititt phlmlrniieta sc-tc ill eVILC~l~ei
Di S (S 1)

* (lhe Irelliceion of, w\all billrsii 1 i orIhci SIAw stibe , sile.Iadl
The role of Ihe rotatici is lciiiii tic lie lestctilai ute 1971 o iicreliititiclcliceev.Auo oit
12 151 wltic : effeCtIS1)I( li 1Ci CIceepCted~ oct (lie i11iciltabl Sile. hilt it

--I< 5 )wri nrci viscialls nictl.

or~ Hic (INclvepiutictil of 1uo roil cells fir Pci,:, "'. 0.0." -
0/ 0. tIll. TllicSC stiuculire-. icripii~ltc ocil t11e iiiSit;uic W~illi

il hirimita fluxes. a~s ev~iewedill Ii 13.1, the effeCt: of 1ct aiiid pl;iN a ec- iitpoirtnii role. micutctairiuj with tlie
roctationi isc to retarld ici siippic cx hlriluiicr- tiithculeict trtitsti on btirticc liv 111111iuiiicio cciii I:,iiisjcictiicg NItili tinliii 1-
lot u S > I (sciabililiutgl, icc tic nloie it tic liiwercsiii lciiee fluid uocill thc wa~ll lilSC i to the Cine flouw. Thce
fuiutihois liii -I .< S 0 (dcse bu'ucigl 1/il'. Resticiciliutioi itoll cell,. ilcc assiiuiccl to be c ;Iecmliatic;ii l of ITiyluur-
C;iii in- expectccl or. S I . (hctALlec Ict;uicIjiit.
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Figure 3: Strcamwise rms velocity proliles from the turbulent channel cases. Symbols are as described in figure 1.

* Full relaminarization at Rb - 10000 - 12000 and 5.5 Simulations
Rob t 0.21, associated with a region of negative Because of its simple geometry but complex and interest-

production. iing low, the rotating channel has been the subject of sev-
eral DNS studies. Two are included here: Kristoffersen

Velocity profiles show increasing asymmetry with growing and Andcrsson [113] and Piomelli and Liu [168].

At the same time, the evolution of friction velocity u, with
Rob Shows all increase ol turbulence level on [he unstable

wall and a corresponding decrease on the stable wall, with
respect to the friction velocity 'ur, measured in absence of
rotation. Two main effects are cvideat From the data: the
saturution ofl '11r at high Ro on the unstable side, which
is attributed to the development of the roil cells, and the
strong drop of' it,. on the stable side, corresponding to the
relaminarization.

Overall, the available in formation in [97] offers a cormlplete
quilitative description of the flow, which the predictions
should match, and enough quantitative data to assess their
quality. Ilowever. it should be kept in mind that neither
DNS nor the most recent LES predict the ftill relaminar-
ization nor tue corresponding drop ol'fr on teie stable side.
Thertefore tile possiiility remnains that this behaviour might
be due to the test sc tion and, notably, to its short lenrgth
which would prevent jullI development (cquilibrium) of the

flow. For validation purploses, it would be lrcfcrabie to
base the comlparison nll the mean velocity proliles and the
surface velocities measured before relaminarization.
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5.6 SUMMARY OF PIPES AND CHANNELS

P1 I'ES
PCHOO Pipe N Louiou t a 11132) pg. I I I
PCHOI Pipe F DursI et o/l 54] pg. 113
PCH02 Pipe F Perry oi ai [ 166] pg. 114
PCHO3 Pipe F Eggels e/ ,. 1561 pg. 116
PCH04 Super pipe F Zaracla 1228] p'. I i
PCH05 Rotating pipe N OrhLndi & Fa1ica [1601 pg. i 18

CHANNELS,

PCH 10 Chaincl. Ih?, -- )i1 - 591 - N Man,sour Cal[i 11391 pg. 119
PCH I I Channel,/Te, -T ic ? 1 E Nicdc,,•chuleC 11571 pg. 121
PCHI2 Channel. ]I. dependence F Wei & Willmarth [2221 pg. 122
PCH13 Chmnnel. lhgh R( U Conlte-Bellot [391 pg. 123

ROTATING CHANNELS

PCH20 Rolaling chainJ I- Johntot o al I97 pg. 124
PCH21 Rotming channel V Pionielh & Liu 1 "o8] pg. 125
PCH22 Rolaling channel N Anderson & Krisiofrcrscin 141 pg. 126
PCH23 Rolatin cchannic F Nat:almayish & Kiioh [ 1561 pg. 128

E: cxpcrincnial cases. N: nunerical ones. Consult individual datm shee[,, for more (l,:ails
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Chapter 6: Free Shear Flows

Jean-Paul Bonnet
Lahoratoire d'Etudcs Adrodynamniqucs.

C.EA.'!. Univ. Poitiers
43, route dc l'A~rodromne

F- 86036 Poitiers cedcx, France
and

Robert D. Moser
Decpartment of rheoretial and Applied Mechanics

University of Illinois at Urbana-Chamipaign
Urbana, IL 61801, USA

and
Wolfgang Rodi

Inst. for Hydrorncechanics
University of Karlsruhe

D-76 128 Karlsruhe, Germany

6.1 Introduction are created from boundazy layers that should be correctly

There arc a large number of experimental studies of free computed or prescribed as initial conditions. This is not

shear layers. particularly in subsonic flows. Over 200 pa always simple, particularly when, abnormial boundary lay-
pers could be cited. However, for the purposes of L.ES val- ers, such as those that arc tripped. are used to generate
idation, emphasis will be given to studies inl which initial the flow. On an other hand, transition can occur during
conditioins and streamnwise evolution are available. Since the flow development, the computation of which is always
the review of Birch and Eggers [ 19]. and] the detailed corn- complex. As mentioned above, the different kinds of flow

pilation by Rodi [ 175], several review papers have been de- structures should be well reproduced. Lastly, (he streamn-
votedl to these flows (see for example Ho and Huerrc [80j, wise evolution to'wards the asymptotic states. is a process
Fiedler et ail. [621). In the present data-base wc focuis our thait sholuld also be correctly cmlputed; tlie comlparisons

attention on nominally 21) flows (except for the data on between complutations and experiments should not be re-
axisvmrnetric jets). stricted to the asymptotic, "I~f-simnilar part of' the flows.

Particularly, exp~erimenetal iesults obtaii~ed fr-om moniea-
Free shear layers are of interest for several industrial pur- turn integrationi (such as turbulent shear stress), energy oi
poses such as afterhody or propeller characteristics. flnix- shear stress balances arc based on the presumption of self
ers. burniers etc., and constitute a basic flow geometry which similarity, which may be absent or difficult to prove.
is an inogredienot in several miote complex flows. The u n-
clerstandiiig of the physics of such flows, as well as flhe There are several specitic experimental difticultics that aris'ý

ability to predict them compfutationally, is the key to coin- when measuring free shear llayers tusing Hot Wire Anenoiom-

trolling the mixing processes, pollutant dispersion, noise diry (HWA) as well as Laser Doppler Velocimietry (LDV).
generation, vibrations, and flow control. Even for cases A major problem arises when one part of the flow is at rest.

that ni-c 2D in the mnean, these flows rapidly unldergo transi- In particular, this occurs in one strearn mixing layers (test

tion to 3D, though they are often dominated by large scale, case SHLO0), or jets in still air (SH-L30 and SHL3 I). For

qolasi-2D organized -Iruetures. generally arising from thie these contfiguratioils, stationaiy hot-wires are problemnatic
Kelin-elmltc intablit. Tey re ls' ofen ssoiiied because the turbulence intensity is high (say 30%) even at

with smaller scale eddies with different oiirictuti :is. The the centreline anod exceeds 100%, towards the edge because

consequences of the C01n1IpXil~y Oflo th1he vloiW structuies on mle te ian veoct becomes very small. However, recent

choice and validation (if predietioni methods is ýi scusscd a.dvances in the flying hot wire technique solve this prcb-

in Fiedler eti al. 6021. to this rega'd, LES is well suited for lc,,, A review of this complex method call he found ill
free shear flows. [301. Resul-. obtained with flying hot wires in jets arc de-

scribedt later in this text. These kind of problems are ilot
'Fhe comiputatioln of these flows may be simpler than, iloist encountered when using burst spectrum analyzers with i
of the other flows addressed in this data base. Fxceptl fr BRagg cell ii, LDV measurements.
thie splitter pl ate used to generate inillet condit ionbs, thie f0w
develop wi th out soldid hound aries and the resulting reg ion. DifftculoIt ies also oc~cur when using HWA in supersonic mix-
oIf' how Reynio lds i n imi b. These chlaraci eristi cs generally in g layers, particularly wheni one side is subsonic, while

simlplif'y the cllllputaiuiols. Hlowever, so~me complexities the otl -r side is supersonic. This is the case for the three

are still present such sts tlie influence of initial Condition.s. supersonic cases SHL0O to Sl1L102. Foi- these flow config-
wai Ipll xioinmit y. cxteriJtn.: Iurh ence level, etc. In gei, -r-a I unt iii s. the hI mt -wirie has to opcirlt iii subsonic.- trailsoninc

xceptli fo r t hc grid andl~ shecar- free mixinig I avers ), th flows alid supistI 1511 icrg inincs. Foi a C011II o lcIc uvey, thie re-



30)

5s0I15C of' the II WA will dii icr dlependidng onl te repincc me , accep ted 11301.
For Mach num be rs less thban typicall y 0.8. or g reater than
1 .2, thie sc ic i i Ity ol'th1c H WA's arc well known. i-i cwever , Iti \ iktwc i tI i i hci c.P ie t cgsw
in (lice tram~nsoci regime (0.8 < Al < 1.2), special ealcbrac- anm nt acstiespreading, rate is cc h'ilcclicci Il

ticn i re~ird. or estcas SHOOI seciic aliraton lice velocity 'aflo. r. As an example. tile fccliuwiicg relaticci-

prciedunre has been) used [I I 11. Iic suipersonc ic losss I lie Irle shp -v a h ieArmvihSbnitl.i eeal

qicency respocnse ol the F-IWA can aclsoc be aiicimitatiocc chit lk acejt~epled 1r0ccecccccpiCcsdlce. Isi-density flcows 11, I9 83:

11101cccd. Howe ver, fccr tC~S tcase Si-li .00. it Lclc) he cIS~llcssc cM., cc 4 (r - vf7-. / (To. A -b 0t. 1 Gc.A
that (lice lrccucriccv rcspcccsc is suifficiecnt, icx statled ill h11e
description cf [lice salicpc'xncic text ecases. wihore A . is lice v'crliecti' tlicikicess acnc A = L-Zwithc

When LDV is used, the siiu oii the seeding particles is r = 1: - cU ractico cclextercial velccities (tle succbscript I Cccr-
of' Colcceri, particularly' in highc Speed. sulperlsoici flowsss. respccicck lo tice ici411 speed side). Ill Case cc t vaiaible deccsity
Johncsonc 96] gives socccc estimcates cct -3d B eCclcHIfMI ic IIN fcccc' lowss. tle spicadcccg racl, cccn be estimcaied hiccc 1291
for Maclh 3 nocw,. As cict examrcple. for llccc dianctcct. tle
cutol~is esticmcated (cbc beapprctxiccccly 22kHl.. Thcis cccseils /ic i.iS
mcajccr pccll icur c'i lice fluctuationcs ic lice test cases SI-il .21)

21 csntdb aiy and Iee Ic Ii F41 hased ol)DN. Ac Ill thi caw.A where c (le cesit rti

SuIts1 . Iic the lest ease Si11.02, tice particles are simalilir. scc is OCCeeINucct'cl(r pi Ipt /.0. Focr sllpc'rsccti flccw." thle
(licee ccttolf ircqucc cy is ex peced to lIcOccur cit ccrc ci di 80 M Ii.. spreiad icc Wg rCc I)C depe cc c cc lict! s'.cIticl 0c1 tice Mall Iticcccccche.
For tlie samre 50ki-i, fIruenuccy responc csrqueccecct, thie Wiceic thcis pccactceter ncc ccises. ic drcciccclic decrease ci' tile
particle lacg is ccppicccetcy negiligible. Spreadici' r'ct0 is ccbNCIere. Tice vovcciveeis Macic cticccber is

Finlly I' LD mesurmens. sedin Ha ca ocur. genlerally uIsed ccs lice ieles'cccc pccrclccclr 12 1. 163. 49, 1201,
inaditionb' I'c LL3V veloaucccity , b as seed-itii bicts cinto aclcutir 1951. Icc tile Cise of, flcows w~l.ctil te scccccc pits cil tice twco

in aditon o te slociy iiasgelc~rliytclkci hiccccccccct sides. cxitt, ilCast I'ic thle plesell dtcc icasc. tlile cccnv'ecti'e
in (lice dalci prcieessincg (157]). Th'ic seed iccp hi I is dcpe It- Miach numbc er is e s pressect ;I c:
deint oci tile seediiig lccacticcnc. Whiecc flcw cse aci I markedi
01igiccccZcItcccc Witih large secIci StIICtccceS. i'cr mxionple. 1ice U., "
I.DV results mcady d~epend oc tlice licatcicccc where thce pccrli-
Cies aie ilitjcted. Parcticulacily for supersoccici mcixinig icc ' ers.
results Cani be dilierewict ' tile Powv is seeded initlce super- ((cc Mcid U ire [lice speceds cof soundic of' tlie twco externcil
sonic (upstreami) part ccr inl tile subsonciic part. (icr iii bolth slitcalmi5 . Ill tihis easeC. li1Ce Sp~rt;ccici rtite L itl be est11iicad
parts. Tihe influneice ccf di iicect seckditg lccacincus wcis itcd- fircctic
dressed (Icr test ecase SI 11.22. D~ual seedingo is )% ICeicill i p- (lei.M, /Jrc a-i(. I 8A\ (A fj
plied. witholcu definitiuie justilicciticcc iceccicise it is aliwicys D.~csicc cili tieicc'icc.)citieIccciic]9
difficult tic CXactiy' bciciltee tle eCC~iiicg '-tile betwceic 0l.ICe D~ts;ol i h liil ''(f allefudil19

twot sides. Icc pccrstccicc ITS: svalicdatioci, it ;ihoculc he fec'ctieci thacc sonitcc
srcacitc cs '11civcscc''i aclicc15 (iti ciii lfercict i'xpeictilittcia I'd'-

6.2 Mixing layers scth ilTese clscsrrpncictis'ctb caih ll iiiblcct tcc sesecal pa.
6.21 SatillyEvovig Nfixng .-a-,is imiccicies ] 29. )88 89. 28) . stec ccc111 W','pctccctki I l(ci icc-cc'-
6.2.1 S~cccici~l Evcis'ingN'lixng 1.c~'Gr 1iosed a'cictic rcicil ciccanoli ]iso'd cd pssihiiiiics'' tc thcese clis.

E-'xcept 1,cc tlce sui-e... ccxccixiccg icyer. (lice Icccccc siceci' of ccciepicivs: (I) tccrbicriiccc ic tle liee strucils. (it) i~csi'iic-

these ilccw is econcstant ior blcaecs'c accccrdijtoc c weil kitcwit ti1c1cS Icc tile ccc Ticii djC (c Wlwrcc Icinccidetcs (Iii)
Iciws. and tile flocws evccveimvctccs':i ccii ccsvctcplccti'. sellSicnc. caspect raitico. (Is) iccc'iit ofi le lest sectcion. (0' resiciccal
ilaci state. Thec cmcom ohcioiiccc dalcccstie lor sicclilac-iy s [lie preclsjc icracicccc. (sit vil-raccnoll ticltc' spihcrtt plate. tsvii

Nped !racte. 'P.esic an rmcc ccca bie deiicicid '-~d stcitecire ol fice boundccary Iaverws ic! tiw purpae.(ii

iccg toc s(.c'rcci dii fe ccl niecailcrus: evolutclionc cit acci cf'it cC ucvatuie adrrc fcc the.Iw strecciý ts cclice splictte' plait'
iccicober cci Characcteristic titickitesses (e.V. s'crtccitv thicki- ctfcsciuic)R'ccilccitcr
tiess., velccity thicikness. litci liresscire-hacsd thitc''ncess ccc SOICce Ofl the lsscc('ý dk _'uc~ssd ccics'e ace d illicoiit Ic0 ccccciici
lciw~s micxinig two gawses vixdcl thiickncess ttccttt nocw v'i'.l- soch icx (1i). (0- Ocr (sit (this ccx chlccactec istic icut iscIe ciii-

afiliatictics. etc.), itt evoluctiont Of sitticictc (y pilcrccccietes. At- dicýedsc tic cmcipucte cacw Sill .iii Flom icc 1.1 S c:.li ti
Illuilcc~c dificeteit icc dietaii. all thiese picioivccilcs crl' locketd !studies CMIc IciOVexe be WC('ec cIt dIeirliccicc lilt: s'csts f c
tccgedicc thcicicgi simpccigi cltincshiccps [ 1731i. For mccixitc tile fhiss' Icticse cccclccctlers. Mccc!ocl lice ctal c' cic'ccccct
lacyecrs wi:th ccci siide at lest, tice ex'cilicticc of!' lilte Cclwxecl. scir cci.i'ilm W,;ii'etcccse tioc l icecclr. l:icr exacccplt . ilte ucxc'
ticcccccl tilicl.licss 1) (ClccirccxcccctIccll, tic Ilcc diii'ctcic'c hcts'ec ccil naciriccleicce1 lCxi is cicttCR1nt ;ic1i0cic' iOW Ices CiOW'. The
ftue iocaiccicis where cite v-Iccils' rcacilc'H.an iI f- of cL;cI tic' CXI'ccc'c;ci cirliccitleice level' cx kicciu ii iphyicvcc icccotccrcict lccii

externial Velccity I is dic/cli' -. rc~ . 'h' reterTICCe pciraitcl tIcrIcicic'Iicc 11i1ic NlpiCciccciF cites) i'. Ce[p'( ;xid it-. percict.
dci nc~j is icc' tice spicc'.citct paiiicrcccei. Socici scatter cmsist lilcciie licmic 0-71A. 0.i -H 7')/( 1 -I 0, cc Sccii)cccci. IWcO
ccc tice releoreccesiice bill cc getitcc'ciai eccnitx'csci' ci 7(, 11 slcrcIct itccscciIc ihcsers II 5 cci'cut -scacccc ccclsicc'lcsc

I1051 'lice ';itle ofcile1c bicciiclccy1V itIcc'ec IicSc secil ithc Ilccil-
NISt ! 11icccci. pmacc' c'cicc 11c,ciccc icer edg ci (11 ic' spilte cttiici phc tl(Icd to 'ce f CIcl,' dcccx 01i tlccx
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flows play anl important role. [Depending on whether these Ref )* db/ dx, d6, d2, a0i
houndary layers are lamninai, transitional or turbulent, thle or L7
'ýngl ll' (lite developing part of thle shear layers (i.e. thle
distance required to establish self-similar profiles) canl bc SHLO0 0 / (00) / 9.
different. The in;fluence of' Lhe initial conditions on the
sprcarling rate is not so clear. However, provided thie ex- SHLI-0 0.6 0.25 (6 ,) 0.023 10.9
ternal excitation hias a broad hand spectrum (ideally while (tripped) - - 0.019 13.2
spectrum), thle flow call he considered as "well balanced"
aind the consensus obtained onl the dependene of d6d SHL02 0.5 0.33 (,) 0.03 18 10.4
and, more1- Sensitively, onl Wol onl r canl he accepted within - 0.6 0.25 0.0235 I10.6
perhaps -Y5%2, With thle dirferenit test cases provided, thle - 0.6 0.18 0.0168 10.5
ability of ati LES tw predict this effect call be tested. The - 0.7 0.11 0.0124 8.95
influence of the Rey nolds number can also be investigated. - 0.8 0.053 0.0073 7.2
This is of reclevanlce wheni the shear layers are initially laim-
itiul but call als"o bie imlportant when transitional flows arc SI 111.03 0.3 0,54 (b) 0.05 9.72
considered. Lastly, the compics~sibility effects due to high - 0.4 0.43 0,041 9.55
Velocities Canalso hIOe addressed thr-ough thle data Provided. - 0.5 0.33 0(032 11,48

The prese nt data- base includes several configurations that0. 025.22 13

oiffer a combhination of the most relevant parameters cited SlL4 05 o. 0" 05 16
above. tt should be noticed that, despite quite different SL4 05 . 6, .5 1.
ex perinmental conmdit ionis prese nt in this dalatt base (t irlhuo SHLO6 0.47 0.36 (a) 32 10.6
lent/I an iinar inittialI conditions, subsonic or supersonic flows),
the velocity latin of'r -=(0.6 is a C01n1m110 value, thus mniiy
of thle effects discussed above. call be addrecssed indepen- Thable I: Overall characteristics atid s~preading rates of tile
dently mif the velocity ratioI. test cases.

Several experimte ntal resulI ts wcre not available fiomnu ii-
ioerncal files hut oinly Fioii til e literature. Inl thI ese ease,-, as ot f13 at t I 61 anld should be taken in to accoun lt fci the
dtescri bed ini[the corresponding 'rcad-ne' files, thle data are sinmutlationis. Very detailed measutrenients ale avail -
obtained firom dig it it.i g printed doumeuniths. ableI inl the self' sini ilar region (including turbulent

energy budgets).

6.2.2~~~ ~ ~ ~ tusii Plan SIin Iaer LI l S110. for a single velocity latin, the influence of
First, sbon anic plane toix iii layers are considered, The the nature ofil hebo undaryi layc ts at the tiai Iintg edge
velocity ratilo is vari able fi0111 a value of' 0 (utte side at calii be tested since twio cases airc avai lablec. that is
rest) upi to 0.8. lInitial eonldit~Iolsatre not available lor eaefi with a laminar or turbulent (tripped) boundary layer
flow billt if in t. thie geometry is SimpleI en oughi to be nlilrI- 11t8]. lit tile case oIf' lamninar boundary layers, tile
clicld. Thus, the inlue nec of velocneit y rat in canl lw tested. layters are probab ly pe- t ratisit iotitl. Only i ntegrail
For sonme (If, these data, both latnlintir aiid turblen111lt iniitiatl paratoetlers and beanl velocity profiles arle given (no

entdilb~ti ac vaiabeThe sticam wisec evolution is aivailI- turbu lencee data) in tile tou n1dary layers. WithI ini the
able inl tile case oftA wstreaml floW.S. Ta~blec I presc it~s somelL mitx ing layers. Reynolds stresses are prov'idcu for the
chaiactc ristics If* the Ii fferent mix ing layets. dwIoingadayipo e 115

TIhe filmo set (If dat a is devoted to single Stream flow (n1c: * Whieni tile velocity ratio approachles one, thle flow
siie at lest), while the othlers tile concerned withl two-slicail cali exhibit a behatviour simoilar to a wake flow near
flows. Tfie spreading rates expressed iti terms ofi oo are tile trailing edge. This wake effect vanishes downi-
in goo(d agrteemniit except fur SFI-I fl0 antd some cases of' stream w hen tlie tocan shear stress becomes predoii-
SI-I .1102. These points will be brielly addressed he low. i nant. Catse SI-Il .t 2 cxlibitis this featunre inl flotws

6 Th fist ase SHM, eprsent tie bsicresihsof'with vclocity ratios m varying from 0.5 to 0.9 11l441.

l nTh e fistrease Siixi.t la etres ns t2 he1 basicn eitial C o fl In thi s, set of data, 5 ve lo ecity ratiois a te mtti I i )labl .

ilitionts arie availtable, amid tile effect of tlie trippitgTebudaylyrioltlfatpaeae ubln

wire is not clearly qiian tified . notr is tlie presenceC of' (trippedC) aiid no lturhbulencec data are providedr. Two

tlie wvall at thie e'xit p Iti te. Th'le s'preading late of)- ertildi lsta Viee oit fromth ctuation Ii i ige ge.Uive fpr eti i

taiiied is known to he t111 high (i.e. tlie valoe of cr is r dsacsfotierilneg.Th pain
too o".whenComare to ilerestof ileliteatue).rates niietmstmrcd with (lie velocity ratio close it) ((le

This toinit cailbe .1 chatllenge for compiputttionls. liii fe c lar from cse the isua in t in duve to wakm e it e gli

tril wile is genecrally coInsidleredl to be a source of fes l ilcs.tl iilildvlpetlnt

arifcil xctaio .% Tl cfc l l'heni h s ee ii cessary it leacti simiaii nty v 601 .( -)l + . )/\
altificia ix ietatiln os.Thnffrect ol the txpriP lit s b 1851) is probafily not (obtainied (H is thie boundtiry

tiityiedilldetal an eo hond byt~m exprimoitslayer oomeiltuni thiickniess. subscriptý I tool 2 refer
2 Ai iusklmi. iivie ciiimmuimoatiiim tio the two sides of thle splitter plate).
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* The presence atnd role of la rge seal e mntotios call be ponen is. One and two poni t caere I ition, are avail.-
mnjoe clearly observed when the flow is for-ced withi a able (I or 2 yelocityv comnponenit) at one station.
frequency close it) the most unstablie Line. Dtiia fromi
suIch forcedi fows ame available in SI-11 .03 1161]. lin ..teprlyEovn iii ae
this ease, four- velocity rit ins (frmn 01.3 to 0.6) -are 6.. 1moakE lvnMiigLye

avail able, butl 7- = 0.63 is hem docunmen ted adis- Caw SI 11.05 inca~d tds three diree ai nuierica simiulat ions
therefore to be preierred. No boundary laver data of itime developing mixingr layers as s Imuae Rgr
are irovidet I. Detailed turbuic ncc data (Rey ittld, & Mlosc r I179]. A t inic de ye I p~ ing mixine layer difflers
stresses),1are provided for thle closest downist ream mta- from its spatialN Iv dve sdopingý counterpart in trat titc layer
tiont. A special set of data is provided whein tire has uniiformi thickness (oil average I in tire strecaiiwisc di-
trailing edge is flapp ingi, for the satie velocity in- reet ionit is tioni ogela enIts in thle St i-caio vI se di'Ce toll Hlull
tins. Frequenicy spectra tire provided. Iti view oif thre grows in time. It is cotipkiittiionallv o uch ionic tractable
coot putat in aof' this now, it shoiulId be teecalled tile than tile spat i a li e vol) 'in g lilixin i layer coitmmitt to e spe r-
the perturibationt velocity noirtmal to tlhe tixiing layer imeats. Asymptotically for sittali A. a spatially evolvinig
pltane is freqttetiey dependetit. Indeed, tire amplpitude lmixiiie layer when ob-served ill a referettee framle llitv-
ofithe tmovceiecnt oh the splitter plate is kept constant itig downstream at %veoiiiet U,. = (Ul~ 4. (/'.,,)/2 is equiv-
whtile thec frequaency is Varied, Lthen the pert urbation alent to a t imeiC-deved ipi ti g minxiii l aver. H1oweve r, for- tile
velocity vatries accordinig to tile frequetncy purposecs of conmparisonito LR-S. it is preferable to cont-

patre I tllei developptng mtixittg layer LFS to these tittie-
*In tlile dtita set SI-11L04, a sitigiP~e cinhig~lratioit 0- LIdes-loping DNS's.
0.6, turbulent ittitial biountdary layers) is available The titme dievelop~ing iature of the simoulatiinis have several
witht very detai led dtttt (461. For- iii isCase, tile USa srt i mtta ol"qensrlvntotiec iiio fLF
stal tsteq tare prov'ided with tlie streatinwiws e volut ioil toP~ tir tIN etimi5(u Clalo rlev atLile ltltisttoL
and initial contdtitionts. In addition, higher 11ii0111CiltS
(skcwntess atid flaltnless) are proivided, Flom a ir FR- First, sinc teLirte ifiow evolves iii timei . it is not possi bie toi
COI- [AC dattt base, lar go recordLs oif itlist anitlinenu di. Litotlme tiveragin,' to obtain conilverged sttitistical quanti
hot wire velocieit y ilCaiilt saeavail aire (o hint l- ties. lit se ad. avc rg inlg is dlone ini [lie Iltitloige neus, spa-
eluded iii(the present datat bwis). Detailed charticter tial directions, (i.e. ithe strcani~wise anid spnlwise direc-
izatioill of the tuirblrent bioundary layers are givelt ait Liomns). Thus tlie statistical salipIc tivailatibll is limited, and
tile trailing edge (longitudinal velocity Ihuctutitiotis. irl geieral is nut adeqhuate to obail ciinvergedi -.titisiic~s.
All thle formlis of the Rey tnolds stress tensorii aire pro- For ex ample. itt Iigmuie 1, proIiies of tile rm. Is. st cmiii-
vided for severtai dowiistreamt locations. Estimlationl wise CioCitv HIOu11tutit tiNs tire 1 s 101i orSeVetl tiiiis taken
of turbulent dissipationt is also priovided. Ifigh oir- ft-om a period dutitig whichl tile mixinii layer is apioiprn
der niontents are available. Somte freqtuency spec- itaticlI sci I-similar. The p-ohiCis htt'L beenl settld Using
Ira are given attd] il tilte similarity regioni, the turbo- self'-sittiiia ,caiinYi (see 11791), sit they tire directiy ciomt-
lIcit kinetic eniergy b~uilget is emttiblistied. lIt adtdition. parable. Not ice tihat ticar thle eeittre. tite piofliles tire rathler-
the L'DF Qf\' velcitis (itielUdiitg veiocity di flerences noisy. and difter ill dotii Floim aeholt ilici. Thiis is ai cinise-
of two veineity comonilieiits) ttrc given fill- three In- qilenieo tiilie poo stit stical stattple. Il ll aditiion. tiole is
cations oft tile referenice plriibe. naltliely iv o the tixis, a smtall %syseltiat ic varilauntl amlottg tile lirtilll'. dfie tii t(le
litar the exter-nal par ndi for ait inlterinediateInca- imiperfeeitlio oft tile seif-sinliiit ity.
lion. Joniit lPD~s ale coitsideied for spttce .11 titile Siince LI .S is 01iiiV able iii reCpiiudii tilt actUAl (LurIlleat1

.1ptirtto.. t.ifow ill a statistictil sense, it is real lv only scasibll toi coin-

*The infIluence of lice st ream turbulenciec is adiicireSsed pate Ci ii vera d I E5 statiStiC a eSill( Wits w i Oii verged Statlis-
by (tie test case SH-IM .16209)1. iti this cotifurtitaimi. ties from tlie DNS. lIt principal. tisi wouilid invokle avcrnie-
tile iniitsl conditirnis arc qitite d iffereiit (no splittet ine over all cenihsIiic (if D)NS anid IF ,iS iliiiatOriS Startes
plaite) ailtd are ai plirtrj \?ell SUi ted for simuhtitionis. frotii ciii ClINCettble of iniitial ciiidilio iiit lriwit flioit sonic
Ill thlis esperitlieht. (lt:e now is created bI) tIt~ grids ulisirliiont i. Unit tntintttely, this is lnot tet~isibl. The [texi
oif different size. Thle misxing layer with a veloiti y ht est approatl1i us to Comiipare the staitslics Comitputed floitt

ratio of' 0.47 develops it:iside a streati with a signi . all I S aiini a D)NS iici-on miii idienticail O iltered fur IT , S)
icant tiirbulenlce level (typicaltly 4'1;~ . Nol detils are initial coinditiions. Inl this wav. Ilie flows to be compared

givenl Oil (lie typit-al settles of the 1'eid tat ibullnc. Ill will bleei %in sli itietti cii lari'e-sealc femitiies, whichl tue

this, case. the mollt sensible tinitial coniulit, t.oil uttli presutites tot be respiinsible [oi- thie vriainil ity il thle one-
lielriii to dflreit imlittilS f ri tiilalele. fieldlsttti While onie nliLtltl hopie that1 ilie evolution

Holuwever, tihere is nil sptlie r plate anud tile details of ilie largest eddIesC. %ould lie %sell i epresentesl in till 'li.BS
oii thle itnitial hlnts are liot knowssn. 'Cie fotws mit it is inevitable that their etiliulion kkill esventially diverge
side the mtisxing ltyiye cart lie ittisellil i,, conven- friii thit of1 tile i)NS duLe to 1ililcertaintieý il details of thec
6ti1n11 gr~id- gelneratd turbUlece1C. 'Titr0C dJOWtistC.nean urn ciiived smiall scle. lie rate ii this dlivergenice lits lnot

regiOll.; are testedI With two' selOCity 01Cflikititt l C111 beeni (iiitiicdi Thicrefitr. CVeut when startin wt sitht itlen-
________ tcal miniiall eoidwlllýin ill tile best[ p-iisible LiES. till exact

3A. Gtezer, s).ilea c0lliMIiuIC3ilsi9 1tiateit Otifle staistical tiLKtantit is isnot expected. Fivare I

laws=
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Figure I: Pr/fAics oft'/AU2 iii self-similarly scaled coor- Figure 3: One-dincnsional energy (u,?i,) density spec-
dinates at live times during the stlf-similar period of Case trum at the mixing layer centrelinc of Case I (7- = 170.5).
I ( T 105,2, - --.- r = 11G.7, ........ T = 128.6, versus kl, ---- versus kA3.

= 141.0, -- r "-- 150.8).

ties of two of the flows (Case I and Case 2) agree quite
gives an indication of the magnitude of the cxpected varia- well with the experimental measurenients of Bell & Mehta
tion. [ 181 ill a illixing laycr evolving fromn turbulent splitter plate

A turbulent time developing mixing layer is expected to boundary layers. In case 3, the transverse velocity vatri-

develop towards a scif-similar evolution, and indeed two ance is much larger than in these experiments, but there is

of the flows included in case SHL05 have a self-similar considerable variation among experimients regarding this1 d5•,
period. This similarity was used by Rogers & Moser 11791 statistic. Further, the growth rates = -.- 0,014,

to improve statistical sample by scaling statistical quan- .Wd (i)
tites self-similarly and averaging i n. 0.014 and 7 for ase I through 3 respectively) are in
self-similar averaging poses a problem for LES co pari- ( thie range of experinmentally observed growth rates for this

son. since generally the liltet width in the LES would be flow (0.0 14 to 0.022. [179, 49])

constant while the similarity length scale (layer thickness Once the mixing.: layers have become fully develolpd, two
say) is growing. of the flows (cases I and 2) do not exhibit convincing cv-

Another consequence of the iime-developing nature of this idence of the large scale spanwise rollers commonly ob-

Ilow, is that the flow evolution is dependent on t(he details serve in turhulcnt mixing layers. while case 3 does. Fur-
therinore, Itile character of the sealar nilIX~int ii) cases I

of the initial conditions. There arc three separate flows in- is di chlen f' tha conin myoire ill e .-

eluded in SHL05, which differ only in the details of the and 2 is different from that commonly observed in ex-
initial condi tios. andl as discussed in 11791, the evolution periments. In particular, the probability density functions
of these flows is quite different. By using tie same ioi (PlD's) of the scalar fluctuations are 'marching ill cases
tial conditions il an LS, one can compare B tlhe DNs , I and 2, while they are 'non -marching' in case 3 and vir-
ued be assured that the cases bcing simulated are the same, tually all ex pU iments ill which it has bee, measured (see

at tl a se r esu , 1152, 1021). This difference ili scalar inixing is though( it
so this dependence oit initial conditions need not resuh il he related to the lack of rollers in cases I and 2 (see 1! 791)
increased uncertaintly n the comparison. However, when Thus, with regard to the qualitative issues of structure aind
selecting flows for I.ES tests, it is desirable to use those scalar mixing, it appears that case 3 is most representative
that are realistic and that evolve like the physical flows ofi
interest. Ii is di[flictIt to coiistruct appropriate Initial c. of xperiticits, while for the sta'istics, cases I and 2 ap-inteest Itis iffcul tocontrut aproriae iitil cm.- peal most ,-epresentative. Inl all cases, it appears that thc
ditions for this purpose since it is generally not possible flows ail sulticiteilly realistic Io use as test cases aol IheS.
to charactcrize the initial and itilet condOiions4 of it physical
flow (experiment or practical device) with suflicicnt detail. The iiuinerical simulations (i tihe flows in SI t5 were
The 'i ul atons in S It,05 were beguii with initial ciii- performed using tlie highly accurate numerical metho1d of
ditionrs desgned to model a mixing lr fa Spalart. Moser & Rogers [2001. The icsolutiion was vat ied

pitior plateswntd turbulent boundary layer Tomig frotis a in time to maintain accuracy, and spectra and various ot:.er
splitter plate with turbulent boundary layers. -lTo this end. diaginostics were molniijtred to ensure the resolutlionl Was

turbulent fluctuations were taken from a direct numerical iglOtLWee101lOT oC1SIthrsluona,
sniulation of- a boundari layer 1198foniu a dirca initial adequate. For examtple, streamwise and splnlnwise spectra
scmnditiot.,,. o• adbotindr 'tlayer o t8a useit as tip fronm case I are shown in ligure 3. Thus, the uncertain-
coiditions, oi addition, the effect of the splitter plate tdil lies in the data for SItL05 are dominated by the statistical
as a site of receptivity t Itwo-dmesional) acoustic idisuss aov, with no signiica -

turbances was modelled by addinte some extra disturbance sample issudced aby with no i g a uisl
energy to the two-dimensional il Ides (see (lie data sheet). iiesioduced by ilelicat Cols.

The turbulence (n the initial conditions is thus realistic, but 6
the rno(el of the splitter plate tip receptivity may not be.
l)espite this, w- see (ligure 2) that the turbulencc statis- Lastly. a special incompressible case is addressed. It is
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Ftigure 2: Compripcson oll' tileu hlc'aveIaajed ( il scatled. dccout(incs ) simulallion rcmstl, I'm' lite' Cotrlrcieoills 01 (c' teRt"VIII)IIs
Nlicims (c11511I1 11)1c lie (Case. I Ca - (,se 2. mill .... Casce 3 sihruIIiolccn with thec expc'imenta(:I damli (Nylrrhccls,) ofl
13e11 & Niehia ( 19911) at dlIcc dcrnsvisicamr Iccilions (. .1, 1 ýI0K. Ilc'ccc. * cr I 128. -lc, A i - I Mf).-lrm).

S1ici1-je255 tjILI)LIel~ICe itlisingp. 'lbSjsC aSe is cl aIjjIlictilaI III_ lied. altlhiccph dliev atr uco'l veis similI) Ilijekies. lin SI 11.20).
teresi, shice (lie ke'y poiunt it, the mlixinp) proccess hlcdween the uinlueunce 411 tile sirhisicic hcrilcl:irvY Iayel No, cs een Ill
Iwo di(Ierent cimbulctt flocws (tuirbulence level, scales). vestchIc'cle andl no itnliportcnl eclt %k':5 lillrlsive. provridipi
O nly a I'm experimental stuchic.' have bceen clescctd [Ic sucht its tlickncsý is, simall compmnciec with the 'cnjccrs-onc (cile. A
Ilows 1146, 701. The morce detailed stuid ' useu Iccm tile. test ccliddective Masch cIiriblc (if 01.0 is availo(aicl ill each ofl tile
eas1,e Sil.I( 1.10Cs c c~rhccc mixing(1. X.icIci he ess cc la -;title cl' Al, . edunidani cII are nvail-

swecial grid wual-limpeni, Iwo sttcala.5 Willi lice smicle Imdccci able lot III,,evolhutiocn (11 llrýic~ smncilisiccci quaicitilics Irrcirri
veloccity butI Willi dil~eicriil turibuilent clcsctav'tc-srisii 11erg-e andc velcciy Ihiclcat curs) ccci). c Ilr~l cl, [c lie difficultices Ill-

I leitee. lte prrccesms ccl trirlulncee Illixilop 1,s adclclrsecl Very hlcilrl Ill 1th, it sIMINUTsceInII%. this ccluilsidacey can lht useisclu
detailed miucrhalc .rct ;moe mcninns (0 velcity con pccmpcccnls in dnltl'CIIC X111101NUTCMlelvlay
aire available loc tcree dcrwcrstirccm 10cMcalon 111(F1 mcdi~ *ill levoccld it, dI Imc veloci(N mcidl tel ipucI lit'll Ihit luid
momen1~tsi, spocirI. Reynoldsc cities Idgi.I i~aasi 1121II ccccjic il sc-ic

6.2.5 ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~~iw Su IeSlcý lSc mi IixII,2 c0S m y (11 n I' 111 melle obtaineda withil [(ccv p

Forl saperlscbnie flocws. tile ptecsirt dnau-biase comnCIIn-lral vicde a tesi ofl 1"CIc chitonlsli1jc hoelWc.'l lelipeatric and mc
onIlltrce experil~lecIts Which are cospilarcible in theni shysN.i- NveloCrcc fLCcclccciOiccn. tile sOcciflled Slicong Reynuolds Anal-
Cal dimenCIsionS. '1'oS. IICe Willi I)Oplccisnit and 3Njcect Witlms crgv (150, 651. Special call: wa taken cealilcialncg I'm lite
arc equivalentl. TIhese flow char-acterisics are !-iccrteimics transcrrlc ic reimlc ]e fi 6cttiencv asrll'c.(it' lite hcrl Nvile
evolked ill older toc explain cliscrepaniccic hc'lween e' per allemoliircl er e'15liv l dequlol . Thew velocity 1 esuls presented
Ilimcins, hlml ithe,;o arlpc~ilnens optisnsn b" invoedcc here'. It lin SIll.?1 158. 18)51 aund 511221.2?15. 121 ace ohmiaieci by
shouldl hIe noticed thtat, withinutile experimental uncertain melans cc If La~cdr Dllopler Velcccciiely, lusingj twi dillericnt
ties. (lt'ie ci'liiiI ,.ccl spcteadiir (ales ofl 1ile 01i10c lcsI case ssic'lls DI~iA '.edclrg Ill bcctl sid s l isedl Withoult pie
agree,, withli te l'unctioni 41c(Af!) iepici cc inl 11951. NOc cli. Vise irirlysis ofl seedlpi bias. adllioligh somle eorcrrrdcrisolls
rlcet evidlencee of lwo-cilimensionalciy is viveis. :cI11d h as Iieodltsi elic'It'prcccidccl c S11ll22. 'lice i
peel ratio of tlce mixing lavers is smcall. typicallyN hetwetol Iccis ol spr title L11, ma', be'en ni ldicssed cl IS 111.21. S111.21
4 and 10, dlependinig onl lite dt'hinilccro ol dice tlockiccsse also, Iris, soslit jlcýt'scit' imimlisdlcei rcsitii'ls wilclc
Reynolds numbie ellects call be consiclcied. since SI11,21) S111.22 inlcides somle cwciil~rr Ieinlldrdclicct oricillcciociry
has a Reymoclds nuimlier [fhat cs le.ss thanc that ofl it'e octher result'. Tli salrety ol exipc'riicilltal Initilccds piovickc corn-
two lest Case's IIn all cawes. lthe boundary layers al (li' trail- pler10iMettar resUlts Domu so,,t S111.2( and S111.22 providlt
log edge arc fully tolhilecci onl lthe supler soic mick'. Thec chcriceici 1/aticinc of [lIet lccciccl)(civ laycis on ile lIpt' soltrcici
lcccccndar11- IY P Olte layersO~ Sict'U 110cl well sI;li id cr - it'irrilccn. elIc. cc casts 5111.21
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and SI-1L22, several values of Af, are available. ranging upsircarn. ice. the je(l did not erncrge fromn a solid wall. This
front 0.6 to 1, i.e. fromt tile ined iumi to highly compress- yielded better nionen turn conservation. 1-CG report that
ihie. In both cases. tile flow developmOenits .ire provided inl til self-preserving region the momnentumn flux is 8511. of
front lthe Liat jog edge, up to the, beginniiing (S I-1 L20) or es- thc initial flux and PL report anl even higheir value of'95CX
tablishedl similarity region (SHL2l and SHL22). Finally [lhe FICG data were chosen as case Sl-1L3(l hecause

of' the higher Reynolds number and also because two dif-
6.3 Jets ferent advanced meaSUremncti techiniqucs gave virtually the
Free jets tare an important subclass of free-sheca -layers thit samei results. I-IC(; report thle balances of turbulent kinetic
tire of great practical significance. Jets into stagnant sur- energy and of the individual stresses for which tile dissipa-
roundings arc particularly suited for basic studies hecause iurtwsderind ihteasmponololla-
of the self-preserving nature (if' the far-field, in which thie isymmetcrie turbulence; also in thie diffusion termi the triple
spreading rate, tilie veocity-decay Constant and Simlilarity corre lati on.,,,; 2 was tiot nicasured but assumtod to be equal
profiles dlefine entirely thle statistical flow quantities. These to v1. These assumptiotns introduce cotnsiderable uneer-
jets are important test cases for simulation procedures for tatoties, leading to a fairly high presstirc-diffusitst termn
tu rbuhenit flows, whether tuIrbulnceIC mooele s or large -ecddy tiear the axis; also, thie dIiffusioti does not seemn to integrate
sinmulat ions atid, ill Spite of' their geolnitrical ly sunmple Coll- to zero. -Icre perhaps the PL resulIt,. for the kinetic energy
figutration, theCy pose a dIifficulIt task as most widely used balance arc iniore ic liable: they determined thle d issi pationt

turb leicemode s ikethe e iodl orthebasc Reni ds- rate front Utie balance, neglect intg the pressure diffusion.
*stress-equation toodels cannot predict lthe plantie and thle For (lie planlejet. detailed results newer thata; iiose reviewed

iountd jet Witli thle sante set of empirical cotsi stans. These already itt 11751 (but somec published later I could not bie
two cases were thecrefore chosen. aind the dlaut provided found. As all the older mecasurenients have been obtaine-d
muat for thle self-preserving downstream teg ions of the plane with stationary hot-wires. tile reliabili ty of at least tile higher
two-dimncisiotnal and thie ax isynlinietrie jet issuing inito) nlmi- tiotitent- nicasuretnietis must he cast in doubt, itt view tf
onaf Iy infIinite stagnant Surround in gs. the fintdings of f-CG and IT. for lthe ax isymninictricjet. IThe

Rodli [ 1751 reviewed the mecasuremients carried out ill these mleasuremenets reviewed by Rodi all show good agreenileni
flows up to 1971 - sonic of these mieasurettients were pith- about thle spreading tate (dyi/a /dr. :% 01. 1) and thle velocity
fished later. For tlie round jet, thle only data sets inicltiding dee-ty. The miost extenisive and cottpleic set oif measure-
turbulence iteasurtitetits iii[lie seff-sitoitar regioti were tuntits is that due to (lutniark aiid Wygtitmski 1721 which
those of Wygnatis ki and Fiedler 12251 and of' Rod i 11751. was there fore chosena as case SI 113 1.3 The mecasured shecar
Ill both cases thi lie s1LSUreiotitII tave beenOta di:ined Willhi stress agrees faiirly~ well Witli thle distribution calculfated
stationary liol-wire-i, Both ubtaitied ai Spreadtng rate of' froml 111e mnea velocity, and the normal stresses are in rca-

* the jet IntlI- widt if 11y 21/b. =- (I.(86 whiich is in agree- sonable agý,recne to with the tocasurentents of 1-e skestad
mcini witli earlier nmeasuiemients of tlie nIcitti flow. TIhe 1781; filr the P' and u'' componentls this is true also for tile
tmea~sure meiits of Wygniuiiski and F iellei were mnuchi more oilier nicasut-enolens, butl the hitter are up to 20%. snial icr
exceisive and have been lthe standard round-jet data for a for the liongituinftal fluctuatiotns Wi. There is hence sonic
Ion g tillie. L ess ideal features at-c that tile ceniii i-c- ite ~- unce rtain ty ahiliu this (lii anti ty. [hereC aleC evetn greCater u a -
liocity decay rate chtaiige., at a:/DP 511 and that iii the certainties abouti the mneasuremlents of' triple correlations
downlSi reati SelfIMCI'rs V ing region otnly 05%7 oh thle ini - and the termis in the kinetic energy balance. Thec pressure

*tiil *jet itliontentumn is leli( acciordiitg to thie velocity 11c d iffu tsioni wis determoinied its the out- o - balance terni and

sa ictinctits Ncairl two decaides lamter, almoost coneu i a-3C U ece n usuaillIy high Values. Pro bably taure reliable is

de tailed f iteasurellienis w~it Ii ttore suitable m1ca'sucillentett tile entergy balaniie obtaiined by Brmadbury 1221. but ftis jet
techiniquies were cairred out by Hfusseini. Capp anid George had it a e- lowimig streamt att (.16 of the jet exit veliicity arid[
[901 - called I IC( - anid by Pantelnplikesan atid[ Lumtley was hetnce nit exactly self-prescrvitig.
1 1621 - called M., HC-IUCC sd Ilyiit! hit-wir es and a bur St- Acknowledgements,

a vitode ID.lA techntique atid, for cottpatrisont also the stuttimn-
ary hli- wire iechoniq ue, Ph, also imi easured Wilili a flying Professor A .1 Smtits is gratefully ac know ledged for his ittl-
ho -wi ic which miiivcd onl a shuttle. - The flying hot-wi re put to (lie expe rimentianl u neertaini y sectiont.

atid ID[A techntiiques are concept uailly supierior for- flows
w i th high Itutorulenc lic~enm isity atnd Iitndced IICC lounad sig -
niificantlt di 1kice tices bet wee-n their mealsureienets obtained
with lite stationairy and the flying hot-wire. Oti the oither
hiand, thle latter iestilis agreed well Withi the IDLA IliCaSUtr-
moe n is.- Ill tneasu reul at P,. = 1.-1 x 10f)" wh iicle the 1 1(7(

*jet had at Rey nolds a a tithe r of 1i". -9.55 X I)T. - otIi

ISets of tt1iaSul-eIINteit yielded similar spreading rates oh'
a1.1/ 12/d' - 0.09)1(1 (o0.96. which itre tighter thtat thtisc
fr-ont thle older itemtsuretlicttts. lThe diffet-eltee stemls itiiost
likely iroiti thle use of larger etclitstites Into WtlifL thle jets
dischaurged and (lie fart uthat entraintment was allowed froiti
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6.4 SUMMARY OF SHEAR LAYERS AND JETS

INCOMPRESSIBLE PLANL MIXING LAYERS
SHLO() Single stream incomp. M. L E Wygnanski & Fic(ilcr 12261 pg. 131
SHLOI Incompressible M. L., r - 0.6 E Bell & Media 1181 pg. 133
SHL02 Incomp. M. L., 0.5 < r < 0.9 E Metha 1144) pg. 135
SHI,03 Forced incompressible M L. E Osier & Wygnanski [ 1611 pg. 137
SHL04 Incomp. M. L.. r = 0.54 E Delville & Bonnet [47] pg. 139
SHL05 Temiporal inco0np•. M. L. N Rogers & Moscr [ 1791 pg. 141
SHL06 Two turb. free strcam.';, r = 0.47 F qThvwularni & Corrsin 12019] pg. 144

TuHRBUENCF MIXING

-_SHL, 10 No-shear turbulence mixing E Vecravalli & Warhaflt 1217] pg. 146

COMPIRESSILBLE MIXING LAYERS
SHL20 Supersonic M. L.. Al, = 0.61; E Barrc. Mcnan, Quine & Dussauge (II1 pg. 148

Rep = 1.6 x 104

SHL21 Supersonic M. L., Al. 0.52; E Elliotu & Samimy 158] pg. 150
0.69; 0.87; fRc ý ' 4. x 11•'

SHL22 Supersmnic M. I., A[, = 0.52; F Dchisscholp. Batrrc & Bonnect [451 pg. 152
0.535; 0.58; 0.64: 1.04; • •aS8 x I al

f JEFTS

SSHL30 Roundjet E Hussein e al 190] pg. 154
SIIL31 Plane jet E Gulmark & Wygnaaski 172] pg. 156

L;: experimncnial cascs. N: numie rical ones. Consult individual dala sheets for more deIails
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Chapter 7: Two-Dimensional Boundary-Layers

Niter D. Smith
Aero-Struetures Departmnent, DERA Farnborough,

GU 14 OLX, United Kingdonm
and

JIavier J ii6nez
School of Aeronautics, Universitlad Polit~cnica

28040. Madrid, Spain

Summary 7.2 Zero pressure gradient
The chapter starts with the simplest boundary layer flow: As tile simnpl est form of boundary layer, the flow with zero
incomnpressible. two dimiensional flow over a sinooth flat pressure gratdient over a smnooth flot surfae hus been exten-
surface with no imposed pressure gradient. Then the cf- sively studied experimientally. As noted above mnuch oflith
fects of adverse pressure gradients are introduced followed early data is confined to mecasuremnents of' only the mecan
by septaration front a smooth surface. 'The comnplicating cf- flow quantities. Thle first mnajor review of' the data was
[ects of surface curvature are thien discussed. 'The chapter undertaken by Coles 1391 in 1962. Sine then of course
ends with the case of' a boundary layer which has exe thle volume of data has increased enormously and its range
rienced both pressure gradients and surface curvature and now covers (1.5 < 1?o x 10 " < 220, whtere Ro is thie
then relaxes back to anl utndisturbed statr. Reynolds number based upon miomentumn thickness, In thle

above range [lic low values are achievable by D~irect Nu-
7.1 Introduction mecrical Simnulation whtilst thie hiphest values are achieved

by muakitng mecasuremlents on (the walls of' large industrialTurbulent boundary layers have been investigated expl~im wind tunnels.
menrtally for at least thie past 75 yeats. As a result a vast
tbody of data exists. For thle first half'of thlis period nica- For the ptesent purpose of recommaeimding dautscts which
suretnents, were. in [lhe miain. confined ito tilte miean flow by canl he used for LES validtation, this huge volumec of data
the lack of suilable instruttientatilin and are therefore inad. presents problems. since as expllained below it is necessary
equate for LES validat ion, to cover tie Reynolds numtber ratige and tto experiment

Data mneasu~red prior to f19f0 was extensively evaluated or set of experinlents lois cetiietged as 'best buy'. Fortm-

andi docunricrted for thle Stanford cooferctice whicht had niatt'ly Coles' pioneerintg work has been carried forward inl

lie aimn of detailing e sperinmental dlata whmi ch could be tiset- two very recent publi cati ons, a tninjor review by Fernholz.
in Reynolds averaged turbulenee nitodel developttient. Th & Finley 1601 andi anl AiARt)OGRAI'l-l edited by Sanec
Staniford database is avail able oil the worlIdwide web at I 1 861. What follows is anl attetmpt to preci 5 this work. Th iis

ti~t.p://www-saf ml . s Lanford. edu! e~artwri1 I/ . pr~cis should be used macrely as anl introduction aid aniy-
oneC attemlptintg to simulate zero pressure gradient ftlow is

The Stanford comifetence was followed a decade later by strotngly advised to refer directly ito the oi iginal reviews.
the Collaborative Icst log of Turbulence Models (C'IT1M
project orgatnised by B~radlshaw et at. The database used in 7.2.1 Mean flow behaviour
thie C'FI'M project is available fromn thle Jourtnal of Fluids Tetruetbudr ae qaindfe rmtelil

Engneeingdalban a itin B96243alinar ones (1nly in the add itionial turbulIent sheair stress termn
htt I ndi ta. 1ib.Vt.edo' .- pu1W. Ail immnediate result is that a turbuleni bound-

More recently a database of experimnitial and D)NS results ary layer has Ilvo characteristic length scales, rather than
has beenH Set Lip by tlie ERC0'Ol'AC collaborative venture otne. A mneasure of the boundary thickness, such as 65, is
and is availfable at the appropriate length seal e in the outer pait of' the layci,
ht.t tip: / / f 1 ui~id Iqo. iioeh . surrey. ac .uk! , away front the wall, and is thos termed the outer lcngth

Wilcuve posibl th dal (Isclibedbelw i in ddiion scale. Thle viscous length. v/n, where it, is thle friction

to that etintained in bie abiive databiases and has beeni sc- veoiy slcappatlnghacnuricwlnds

lee ted wvith the partico l~ar req ui renirttits of LFS vatid(hiton termoed tile inner Iciigdib scale. In conttr ast di c lam it ar 7/zn-

itt tin. Lck f spce ogeherwit thecunnt tat of pressure gradietnt boundary layei lias a single length scale,

developmenrt of LES have restrictedi tile choitce of" data it) ~ /. . ode i spsil ootat ulsmlr
two'dimtensional, incomnpressible flows which nevertheless tly soluution for lamninar biunidary layers htll tot for- turbu-

e~~~~~~~~iil ~ ~ ~ ~ ~ ~ ~ ln lanawd ag i uluI ic elhs lus ~ ~ I i oo idary layers. IFor turbulenit boutndary layers. setll-

be correctly sunuliat li arate simiilarity laws; for the itter and iiutei flows l11LISt be
simulted.soupht. The ratiii of tile o101c- rd Inne 110r lengthl scales A I (ý.

/u li' ), itcre ases with Ii i reaOS log Reyntolds iiurn her anld
thicrefiore the shapile oif thle mnean velocity piofile iuis-t also
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be Reynolds number dependent. oF couirse, tile Reynolds nuimbe'r dependenceiC s implicit ill
A and It,.

Th iscouIs sub6ICoVi' So fintally wec have the very usefu hre sult (fiat to be cons is'-

lenti with the experimental dala any LBS must produce [Ihis,

Inl Zero pressu re graidient, Very near thie Wall [li x mom enl- mnean flow profie.

tin equaltion has thuc solutIion. All t r iiii l e die feet law g ivsen above hias beena ge ne rally

u ~~~accepted by mtost rcesearchers IBareti I'at( IQ]) and Georve
11 e it 0 1691 have argued that it,- is not thee orrec v elfocity

scale for thle outer flow. Instead they use If,.. As a result
That is, very close to thle wail, (le velo ci ty earie in e arly hboll) (lie flaw of thle wali and tilec dc feet law aisso ni power
with (listaneec froml tlte wall, law raOMe titanl 1glogaithotlic Ihu1s. Vortuitately ini practice

tile two foritis are not very different except at Very hligh

The 1mv of the ivall and [lie (/t'fi'c lowua Reynlold itu1himbes.

For fte ncar wall flow Prond if arguied that (the viscosity, 7.2.2 Tu rbule.Žtca Datam

wall Shear stress and dlistillce frontl tile wall are thie inipor- The success of1 thie inner aid outler sealiiii's for thie meianl
tant Paramtetrs . Diminensional anal Iysis then gives veeoc tw natuiirally vencourages thle se arch for simil ar seal -

ings forI tile turbitlettce quantitiles. That is close to thle
L - ~ '~wall, whenl suitabily niirnal iscd hy It,. do ufljlmilites bie-

lit f I'J come unique fuiiet ions of' 11 - ( Y" ) '? Whilst away Il-oil

whicit is kntown as tile~ law ( iW f the wall. S itmiIarly, well the waif areiie thi fnettitns of , I/ A?
awaty Froim tithe wall, %,oit Kiirmnit t sugg ested that v iseos i ty TIhe hi lit win p sectijots 12ive Fetit huh & Finitey's corelu -
wiould be less timportaitt and thle houtitiary layer thickness, sioms to titese quesmitsv for turhuleitec profiles iii the rlange

(5 would ente r as the length scale. Dimensional an alIysis5 2.5 < Hp x 1tt < GOi~.
then gives

whiclt is kntowii as the defect la1w, Matctiiip the vehie- tDealini' firs( Witli tile Revmiolds" iturtl olStress (p')this is
ity aitd velocity gradients oiiftese two laws inl thle region oitiseved to eshilbit sitlitilaritv whluci plotted aigainist Y1- ill
whelre they overlatp yields tile viscous; suib-layer anitilie huffCI layer (y` <:Z :ff). Ill

outier variables tlie data Collaplse well For II/A > t.(f.1(1116>
_ , T )-4 C' (0.1) for U11 > 500iltfmlta is ill tile liigaritfuiiei layer aitd thle

rA.I outer rep (It.

for fthe lasw of the walIf, where N~ itt and C. = .10). intd The~ litorm11 stress U-0' -) Which is assiieiated with fluctua-

L1. -/1 ! ii f'~ + ions itormal to tile Wall showvs Ito evhteneev of simiilarity iii
In, Q' Ine variables. Ini outer. variables siminiarity is on1ce mtore

cevilewi. The I -' loaiottin oft thie peaik Value )1f 6/,2/

fot the defect law, Where inl Iitfi clses tlie eottst11tnts 11re ituiVel away fruin tic -wall Withi inereasin B,) This trend
possibly Reyitilds itumber dfepettdeiti The appearmitee iii call hle approximated by)
6 in tIle defec.t law is utifortumate as it is di ft cult to oh-
lainl licuraltely froitt experiiments. hi is preferable to Follow ff0.07 t Hi'a.

Rotla and use a weighiteid integral tliickliess A, wMiieleTersisFr(i hr omlSe" p ' r iia

A~u i hait no similarity is IMillid ill tlte iiInCu I Val Ids1 hitl Siia-
11,. ifaiitv Is present Iin auicr variables. The locatioin of tile

where P' is thle displacemrent thtickness. so thl thie ilef - ct inti smitnu Value ialso llppears ii moose away froml tlie W,1ll

law becomtes Wilit icroasijpI, hBte nit b)I 1111Ie djetermlineCIill w i~tftsi-
(,,7 I ~ i ~cieiit accuracy to dICtermiiie a trend fine

~~ A/ iTie lcyiildsk Shecar stress ( i'')is 111ire (Iilficlil(toI

Fernhtltol & Fuitily fiavc shown that ifhisi is expressed as 1measure iCCUitrtely, ver\ Close it) thie wa,;ll as an X probe

liuis ti cdei. NeverifleleS% there is evidenice of possible inl
-. A[In ( A' li- N ter egio silitiilaitv fl ii'I ,z15f0. Simiumifiiy ill tile oilier

A aver, ti/A>;- ff.09~, is oblser ved for aft time lRevnialsls illi-

where At - 4.7( aitd A' (i6.7.1 then imi comibitiationi with hier rangeC. '['lie fiieatoan of tlime pealk shear sircss is ttl!ait a

(Ilie law of thle Wall we have ilii effective unliversat Ioal hiittitiiot of, H()1 aifli a 11 enTd descr ibed by)

velocity profile, Iin tile overlap repoilt. over tiel Copeiaijte

Reynuoldls nimnber rimige of (1.5 </e, x 10tt 22ff. Now, ~



39

S~ke'wness and F'latness Disnri hutions [nate the slow growth terms used itt thle simulation. are now
believed to stuffer fromt sight numerical inaccuracies. The

Theseaed liird ont atof quntiy, uch~ ~7~i (a~) /2 two included data sets, are now considcrcid standard resulIts
descibe tlc sewnss ,. r ymetr OfthePt~ttlil- for low to moderate Reynolds numbers. Another sitnola-

it)' distribution of u'. The function is synmmetric about ti inoleresr rvnbonaylyrusn iia
origin, .5,,' = 0. ifT7 o" 0 . A positive va-l,.,c of 5,,. imlpliCs numerical mtachod is [197].
that large positive values of u' are more trequcnt that) large The lowest of thie two Reynolds niumbers is actually be-
negative values. For it Gaussian distri;bulion, &,, = (f.The low the threshold for which self-suistained tmrbulence has
f ourthi mtomenet or flattness, F,,,, of the aj diso ibth ion is trad itional ly been assumed to exist [I 1711, and should prob-
givell by W'4 sealed by (vo)i and is a tacasurv of the ably not be used as a reference set by itself. It has, for
frequency of' occur-recei of events fill front thle axis. If' example, only a marginally developed logarithmic law. It
these are relatively frequtenat. F,,,. will take val ies greater should however he useful ats inilet coniditfion for simiu lations
than the Gaussian value of 3. otf devecloping boundary layers, in which an initially low

Fertimiol' & Finl eNv foutnrd that it) mitier variables indepen- Reynolds number may not be too iitpfortantt. A method for

decelc of' Heynold's number is apparent for S,, in thie vis- doing so is described in (155]. whire it was used to sim-
cousfor id in i i ttglaw ulate the separation bubble in T13L2 I. FullI fow fields ftr

cu.ssub layer and frboth S,5 adr,, iF tl o a ie w elaeicuedfr(i ufoc
reg ion witht S,,. t) and F,,. z 2.8(t. Both S,,, and] 17hwo,, rcmlaedfrtli t t~t

exhibit similarity Wital plotted avgainst f//A. 7.3 Adverse pressure gradients
The skewniess 8,,, of theo spatwise Cotimponitent w1' is wi'tt 7.3.1 Experimental Datta Sets
for a two dimensional layer. The flatntess F.,, exhtihits at iii-
il arity in both ittncr and outer scatingsit~. once agtiin a very large volunie of data exists. miuchl of'

Fur thle wall normal coiiponcii t W', tlie fl atness factor F', which is documented in the S tan ford anid ERCOFFAC datat
is apptrox imlittl y Coinstant (;:ý 3.1) ttver the l og law, regitn bsases. H-ere we concentrate omi moore iecent data which ci -

and so iindepentdeint oif' 1 ?,. Once againi both skewness attd ther includes spectrti, as iiifthe case ofithe M atusic & Perty
flatness exthibt siiiilarity in) outer. saling, experimient. (11421, TBLI 0 1, or itaturally merits inclusion as

Mthogh ot s slisyin asdic ompetesimlarty ro- it was specifically desigited to complenient DNS data, ais in
Al hou I ititas atsfyngas hecii tp ltesi tilai y po- thle case of thie S ptl art & Watmuoffexperiment, [201 . 220]

d aced for. thie ii ical flow, tlie ri'ilt ge of aim i hiti tis detected TB L 1 2.
for the turbulence quantities still prtvide imiportant vtalida-
ti on etiteri a fot thle resulIts ofaity ILarge [Eddy Simutl ations. 7.3.2 Nuumerieal Datia Sets

7.2.3 Experlumemital Data Otte riurtirical data set included inl this section, TI3L;,
which was originally designied as a referenceecase for RANS,

Rath er than aticempt to seek agree menlt with atny partic ulair describes tin attached turbulent boundary layer subject to
experimenet it is recotmtended thiit simtulations should he itad verse pressu re trdent. It contani s both thie nun men-
checked againist the si milatrity l aw's outlinited aibove. A set Cat simuldation 12011 anid ex perimtie;ntal data especially Comn-
of data at liti J4 of' 1438 i.,, inicidentally avtiiltable at the first pldfrteocso 20.Bt xeietadSlma
mieaisuring stationi oft 1131.30, aitd collectimit of mean and inareColybu[iexpilela 1,1 xtdOvrt

flutuaio prfils n (ie ane Ro x10 1 -1:1is longer distance that thie simiu latioit, tand both are iitcludled.
iticludetd as TIILOLI. The ntuinerical simnulationi us;es at "t'riitge method inl which

7.24 umeicl Dtaextra termrs s~oimilar to those used itt TB LOtI tot mlodel thle
7.2.4 Numemcal Dtt~rsireaniwise growth have been conifitted to narrow hands

The numerlica-~l rCequinViemtts For- the simuilationl 0f turbulent tear- tile entds tf' tile contpotatiomiil dottian, makinkig thle
boundadry layers tire mlote strict tlniti1 those For ft cc shear overall1 fit w spattianl ly pernod ic cccii if fthe boundary latyer
flows or fot wtt I-houtided parallel flows, suech as pipes or is left itt thiceke n itaturally over mtost of the compu tat ional
chbaitnels. A true siittolititil of a tur'bule it bhilttd ary layer ho x. Ill this sense it is ai more "natuiral" flow than 'tBLO I
would include its developmient from stome forward statna- bitt still htis ini atuiftcial recycling of' the inilet flow that
lion pointt its trantsitiont region, either tnatural tit- tripped, makes it roughily equtivalenit ito a tripped layer. Ait iiti-
atnd its spattiatl grow th to a re asoitohiy Itighi Reyntold s nttm- Oiaf reg io of' favourable pressure gradienat wats inclIuded
her. Such a directI itotiterical simnulation doeCs nlot exist botht ill thle experimetnt anditof tilte Comtputatiton to mitnimitise
tit present. lThe cl oscst equtiivafent is Spalart '5 sinmlak itiio item tory e Ifruts froiat the tripl. 'The hinlet Reyltolds itumb er
in [1981 itt which the boundary layer is simulated inii a aid limioerwill resolution tire Comipatable lo hlose inl tlie
streatalwise periotdic box. hut where the effect of strealtil- higher Reytnotds numbter case. of 131LOII. and( were thor-
wise growth ist simulatedI by ittcluding extra teritts derived oughly checcked iii thle origintal pipers 1198, 20111.
iront a multiple- scale analysis. The resukitig eqaittiiomS arO

accur ate tto 0('f )., Four Reynlolds titim1bers were originatly 7.4 Septtratioil
Comtputed for Oliis ftlow. ol' whticl t itle two initetittet itle cites. 7.4.1 Expeimetal Dtmta Sets
at Rth, 1(t 3I tool 6i70. ate i tel otd itt the datta base tas
1,111,0I. IThe two exiretirle ontes. although needed to esti-
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The nicasureiioeii of flows inivolving separation front a sinootl rcfirnemenw studlies in 1198), in which resolution was, put.
surfae presents extreme difficulties fori tile e xpe rimentier. posety degraded by a factor of two, showed significant ef-
Non -intrusive instrumentation is essential so lt at refliable fect s on (lie .,kinl~l Fition. and thle possibhilit y that there niay
dam sets had to await the devel opmtent of thle Laser Do ppl er bic marg inat resolt itn pr roblems iii TB L2 I should be kept
Anemometer. Main tamning two dimen ionriia or ax isymnict- Iin m indi. The flume rical resoltf iion in bohitl cases is how-
ric flow is also part icul arty diftenult and., usnailly ilvotlye. ever mneasured in) wail unoit based onl the point of hi ghest
mnuch 'cut and try' deve lopmtent. Tile expceri menot by Sin n- skin tni': ton in the domain, whichI is ncar the in let As-
son ef a/, 1192, 193, 1901 for which the toion ' joiy of thle thle h)onndary layer thii ck~ens (fownstrcam thle skitl friction
(lata (with the exception of thle tranisverse velocity Inicat decreasies and the effective resolution improves. Near thle
surements) is avaitable fron thle Stanford (latabasc, is a separation regiont it appeairs likely that the restitution of'
possible testcae but is alt openi separationi and would re- both siosnlsitions11- is more than adequate.
qui-e inlflow bo)undairy cotiiititnis itlowoisireatoi. Fortunately
tfic data of Alving & Fertibol/, 131,TBL20, has recently 7.5 Surface curvature
become available. Helre.,I turbulent boundary layer on at Strearnwise surface curvature produces significant changes
smooth, axisymnietnic body is exposed to an adverse pres- in thle turbulence struCture Within the boundary laycr. Con-
sure grad ient of su Ilic ico stirengtb to cause a short regio ct ave eurvatunre is dcstab if i cii f (ix turbuIclint tn iXi ng is cit
ofmncait reverse flow ('se paration'). The pressure (list ribu Itatced) whl st convex cu ryat tre is stab idis i o. These e f-
tion is t ailtored suich tl tti lie bou ndary layer re at tctics- antd fec is become sip iiificint wheni the rat in of bou nd ary layer
thent develops iii a nominiially zero pressure grad ienit. thickness to surfaIce: radius of curvatlure is of order. 0.01 . anl

ordler of mag nitutde carl icr tha ii curvature cfflects are s p -
7.4.2 Nunicricatil Data Sets nitticant itt laminar flows.
The two damt sets I1I55, 1991 represenit roughly the sameti The experiment by) Johnson & Johnston, 1981,TBL,30, elto-
Itow, art in it ially turbulent bonundary layer subJect to alt ad - sell here is ani exten sio ottrf anot her e xperi men t using tile
verse prussure graiteniot stlonti ennui h ito inducce xcparal itl, same apparatuIs by 13a rlow & Johntstton 11(01.
and iInmmedi atel folotloved by I favourable grad ienti that
closes thle separationi bubble. Beyond that dhey ate tuite 7.6 Relaxing flow
diffeteitt tiumecricalty and aecroufy~itatical ly. The iiurneri- Th fiul opilcintrble erlatonrnt.
cal sette ote in T131,22 ft1991 is tlic fri ape miteitod used i 11 dficyopidctfgtrileieraaitnrntt
TBLl 1, while TI3L2 t1[15.51 uses actual infloiw and outftstw mnajttr perturbatiton is oifteit ntoted. The rate of relaxation

coniditionts in wthich lthe infloiw is provided by a slig'htly ma varies withI eddy sic. which requiiires skit (ut mo delling imp t
nituae vesinpnh R = 30 r-icsr-aiil the tnrbitlIence. Sinice thie sucecess (of' large -cIldy si maul a-

bounidary layer iii TBLOLtt The iiiltet Reynotldts mittottie[ il thin depends on thle props r represOntlitlion tif the inte 'ratiiitn

T1131 22 is lotwer, J?'p;zt 231). and (lie set Ilini legt al- b t. etwee n ttice suit b m scales anitd tlte latrge r sete.re latxing

lowed to thie lay er before tlhe ad verse pressuri e gradtieit s flotws catlitbc it sitgnificantt test 0itl te caleulathtits

aipplied is also shotrter thatn in the oilier caise. As tI cotise- The numetirouts insestipatistas (tf piertuirbed fltows- pitr to
qciteeIC LIe i nCOi-iititp hoc iidary l ayer IIteVr bee nineCs Itill y 1 985 we ic rev iewed ini Soni is & Woo 1(1(II961. Si nce the n
turbuletnt before separlitrlt and,. ill partietilar. never (lekel- other ihvs gtoi ase been tondutetdi suich asý the Bus.-
ups., a lttgarittmicti re-ion. The separalititn bubble iti T151-22 karmit. Smitit & ioticibet 114, 151 experimntcns (itt the fltow
is stmaller thano in TBI .2 1, aindl(tie repihti be'yond reattarlm- over aI hitll. Thui patrticulart needs ttf turbtleitre sinuiltitirs
mtiler) is o lotnbg enittipt tto ailtow fttr sigmtificantl mecttvery tave bwetn rectognizedf increasingly in recent years. piamtic-
of the tutnittlent profiles. ''T111,21 was dlesignsed for Imert- ulatmly tlie ticed for wdlt-establisited bitundmty mnd initiatl
tacoustics stttdies, aitd it was rit ftir anl exceptionally ltntl! cotndititons andf fttr flows, which calli be Used to exaitinc
tunle to cttmpile spatio-temtpolial pressitteC inforosatitit. A tile capabilities of simutlaitions Withitut Sot ititich Complex-
side Cffect is titat tile averaging litte ftor thle statistics is ity that1 thle detailed dyitant ics, camnntti e unlderstnotd. Otic
also ecxeptiotnally longp, which is all iloipomitimit cttisidelera sucht experitment selected for this chtimbaweT 1.131, is that
(iton givenl tile long Chatracteristics titites inhiletett to reCcir- of' Webster. [)cGraai & Faitti 122~ It which exaImined(lite
eutationi regiotns. InI all these respects T1312 I sthtould be tloxtw ovcr aI smouothi htumpj large etiough to perit irb 1 titelir-
used as% a test case iii preference to T1131.22. The latter is, butence, but( just penisle enourhtoi avoid flotw scparatitn.
hOWeVer intifersting Inl that it is tOte Of the fess Sitntil~mittns The experlinmiti wits designied withi LEtS in mtind and coor-
of separatetd flows whtichi intcludte a heated woill. slitiing dfitiated with) ote mtichi eftort. The flow is similtar ill s()tile
highty cotulter-iituiitise hecat transfer effects itt (lie sepana- was's [ti(tie flow otv'r an ailrftil bitt withtotit ti1C cttnplict-l
lioni bubble. titins of1 Itimilai/titt-utlent trallnstiont and stapital ittl potints.

'ilte ntmeitiem resteohution inl both cils~s is no-iittially suitl
lam, andtit o tile samie irder as., ii (lie twto olther sitnitlitinsl.
tientitotied above. 1-owevser. whtitle TI131-22 use,. tile sinie
slicetra! met hod as ii tIile piev ittss cases 1 200)1. TB 1.2
tises a sectitul-tut tlrttecrtite firikie lifleietct, sclteite.c t't
which tile restotuttiont refipiircmieis shotutld be imttihot 0:
larger thnlots i spectral titetbods befttre htealm~tlIi'. C otd
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7.7 SUMMARY OF BOUNDARY LAYER FLOWS

ZERO PRESSURE GRADIENT.

TBLOO Basic flat p)latc E Smith and Sinits 1941 pg. 161
TBLOI Pseudo-zero pressurc gradient N Spalart & Caniwell 11981 pg. 163

ADVERSE PRESSURE GRADIENT.
TBL1O APG E Marusic & Perry 1142] pg. 165
TBL I APG3 N Spahut & Watmuff [201] pg. 167
TBL12 APG E Watinuff [220] pg. 169

SEPAR ATION.
TBL20 Closed separatiot bubble B Alving & Fernholz [3J pg. 171
TBI,21 Closed separation bubble N Na & Moin. [155] pg. 173
TBL22 Small heated separation bubble N Spalait & Coleman 11991 pg. 177

NON-TRIVIAL GEOMEIRIES.

TBL30 Curved plate E Johmson & JA h nston [101 pg. 179
TBL31 Mild bump H Webster et al [2211 pg. 181

F.: experimental cases. N: numerical ones. Consult individual data sheets for more details
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Chapter 8: Complex Flows
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81A Inti'oduction bility to practical configurations, has a long history. This

As advances in nunmeies atld in comnputer power piovide record p~rior to 1984 has been t -viewed thoroughly by Dc-
faster anid more acztiI ate simulations, thle flow conhigura- inuren and Rodi 1481, denoted herein as D&R, which will

tions selected for examination willI tend toward thie more thus be inerely summiarized, Prandtl developed a classifi-

Challenging geomnctries and conditions. Thus a group of' ,ation of secondary flows including those of the "second
more1- cQn~llUlX flows ha1S been Selected for inluCLSion ill this kind" generated by turbulence alone, but it was not until

database; Flow in aI square duct; the wake of circuiar and 1960 that the first actual measurements of the secondlary

square cylinders; anid tile hack ward facing step. IEachf has iniofion were reported. As with all duct and pipe experi-
its own pat ticu ata di fficul ties, such as secondary flow:;, (hil nients, anl imIportant question is whether full deve lopment

shea laers an votextkmiaton.of the flow hias been achieved. D&R notes that this "cannot
shea layrsand or,.x frmaton.be answercd with certainty in mnost cases." This difficulty

Cornpllexity hil turbulentl flow loas bcee [iite subject of' il - with inflow conditions is one reason why direct numerical
quiry for several decades. Tile categorization of Ilows, pill- simulations are so attractive to mnodielers, even consider
ticularly foi- modelling purposes. hased on rational niotionis ing their other limitations such as !cw Reynolds numbers.
of flow properties was addressed Ity Bradshaw 1241. He Thle dlata of Gessnier and Emery [70] is considered by D&R
disitiniguishedf amiong complex flows by the type of'shear and I user and Iliringen [86] to be adequately developed.
flows, thei'- interactions, anor thle magnitude of a ptsrturba- That data was at very high Reynolds number. however, anid
tion. such ats a backstcp. Morv recent reviews include 11961 must be scaled with thle focal friction velocity for compaui-
andl 11721. 11any, it not mostA of' the complex flows de- sonl with othev data and( calculations. Recently experiments
scribed In: the reviews ate Iu'yorid the capabilities of presenit by H-irout's group, Nagoya University, at iower Reynolds
large-eddy simutni ions. though advances continue to ex- numbers htave been reported and ate the data included hecre.

this chap~ter' (SUtnIIari7Cd ill Table 1.) were selected to be 8.2.1 Experiments
addressable at present t ii in tilte very near fu tute at lower
ReynioIds n umtbers, but at higher Reynolds number thley, itpotveotenats itt (lie qumalitty s.: data mieasu red iii this diffi -

should reintati chaillenging f.or- somne timne to come, cult flow have followed the development of enhtitsced Inca-
suremient techniques,. Rotation, of' single, elemiett hot-wires

8.2 Flow in a square duct was replaced by use ofnmulti-wire probes togethier with ad-
Full dueloed urblen flw i no-ciculr dctshas vaticed data acquisition and processitng techtniques to re-
buly dvelpedturulet fow n tottcirula duts as duce mneasur-ement error, partictlarly in the turbulence quail-

long been an initriguing flow cottfiguration because of- its tities. 'I tus thle data of H-irota's gr oup [227] 164], whtich
transverse ( seecondary ) menat mottion. Al first glance., Ither refIlects these ittprosemoentts, has been selected for this data
is vt' apaet reason Why the tranIsverse t1oot1 inShoulId

af~pnleobase (data set CMPOOI). The tmeasurenments were conducted
Occur. and itndeed io fully developed lamninar flow it is not -tt 90 hydraulic diameters from the entrance andl thus do tiot
generated: its source is thle turbulence alone. TIbis flossw otrto nopeedvlomn.Ti sctfridb

toeings of sariculartion atrest to ti loe proirgturbulenei nrc global quantities such a.s mnean resistance whicfh agree swithi

olldelilg r smuatinbettue f tteturulnceistit established values, Furthermnore, remark ably good s-yito-

hepreadls paent prprlyin ohheturu Iaculaiceqons. ti tries willu initry is noted in both the con toours of nican sd oc it and.
liereail aparnt n oth(le trbuene qanitis indIn more itmportantly I. in thle turbolnc e qua~nt ities intc I din g

tile mnean secottdary flow, tice difficult difllieIcaces in the nimportatnt cross-pI attar nor--

The ittvest igat' on of corner flow. w ithi it,ý obvious rpplien- Inut stresses.
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8.2.2 Simulations

The di fficul ties ini rncasurin I certain turhulenee quantities.
soch as !L-27,1 and tile fluctuating voriteity. and in cstahlish- 04
ing full y developed conditions for tbhis configuration make
direct n umcrical simuat t tion (DNS) In the tu rhueIcne at true - St
tive for addre ssin g questions of physics andi for develotp -
mct oif largc-cddy simul at ion tech aiq ucs. Such si iou Ii - 0.2(~
lions arc nccessaitiy limited to low Reynolds numbers. bilt
within this constraint they can provide intform at ion oit any
and all variableCs of in te rest. Advsances in thliis field have
led to criteria for siimulations of adequate res"olution and t o o, o 10
accu racy tind have producecd a wealth of in formal i on oil a Re
variety Of'10 flow eonguratiolls.

Thus the results of' at DNS ''iorme tic al cxesfCrimient on tife
flow in a square duct is includedl in O~tis dathabas. 'There aire
two notable simulations of' ihis confliguraioit (iavrilotkis

[661and -loe & JBiringet [86], Httsr Cial" [87] . Thte o*

simtu lation ol' 1861 [ 871 was ;At twice the Reynolds nuimber r
of (66] an(d was thus selctedC for this comp1Iilation (data Set
CMP() I ). Two ctalculfat ion,, are described in thie referen lce,

tu t only thie hi ghter resolution daita are included here.

8.3 Flow around a circular cylinder tOA Re 10 ,

irhe flow anound nsf circular cylinder is perhaps the paFdigo igure I : (a1) 5mmiou al n umber and, (h) din e coeffilecint
of complex flows, It is simiple in geornetry yet rem in irk - for the flow ars'onundi c~eirvIa r cy'lindt~er fronta 13 11, showni
ably cornple x ii) fl ow leaturi-s, inclIutding thin separati op ;i opi stars, cornpared wvith dam from other sources
shear layers and large scale unsteadinelss ill tle vortex for- rpildFo 13:sethrm eIfr;ln solns)
mati on atnd shedding. Both of' these feat ui~es arc difflicult rprIttdfo0111 e hi a eItIi lr S1i ie)
to capture in large -eddy si atalat ions So that th is ilow reC
mains at chal letnge to all newv coMin ptat iOta I frormu at ittS I-lhe near watke of a c irculfar c ylinoder at it Renynoldls nmin-
'I here have beeni noumerous cxes lieritwis oiti cylinder fltws her (liere 1 40).fttl) large cnuýitttgh in create af fulyt Ivi~l rholent
of many kitnds inclutding tile simple olinite cylindtlenorm~al wake but( amnt ar s parat tin (subcritical) generittes turtin-
to the flows, cyl in ders atI angles, cy incifers" tf short Its t-ccl' lent vortices in a net, rIy pCeriod(1i c fashion. If'li th el i de r is
ratios, and tapered cylinders among otherts. FExperimntsnV. stootoh and lonLe (coumpared io its diamleter), if Ciod-plates
howeveir, which recorded linite- rest) Ived dawi at Rev of ds r used, and if it is-[]ifiilinil to it stityItwiilt
iturahrs large tiough F0 to a tirbult'ttt wake. arc di fliettli turlbulncC, OItCTt tile rcgtaritV Mnid twtt-1iitcttSittnality if'
and i-arc. Tbhus onlIy otte datase t. CM PIt), is inleIude(] liere . lie vtirtices xill be tnltxi ritt izes. ]'here wi I stil 1-h van -
that of'thec exflcrimntits of Catitwell anid Coles [31I] which aiions inl ith ple (if' tihe shedingili, bit it will be stitll
addtrcssed the fltow around ti lonig. ctttsititt-dianitcter cylini- Ci1i1,i0h that( it COtit be a(CcttlO aldt kicwith approplriaite inca-
der nortmal to tile flow'. stiretiiemti echniqtues. A 'llving hot wire' and a press4ure

8.3.1 Experimnwit likitd SM1totli 2lngmehod were cnipltycf in this esperittletit
as descrilwlbedltoss. Any po l)itt iii.SM101 etwetOe t f Vetltieity

The votrtex shedding from thle circular cylinder prexeilt iii this flhow raise,, questtions RhltoIt dist ittgistting betweeti
difficulties for- measuring thle meiait statistics of lthe flow 'jitier' andtl tirbltliteeC. [Itot thse are prestintably of less iti-

and turbuleince. There is regularity, in life Shelditlu', bilt pttrt:ttlce to (tttc largec-tIdv situttatittis thait tot RANS pie-
ther isalst aleve ofirrgulritywltclimus tietidiesed. dictitatsý. I tosseser. thie compittat huut of, statistical proper-

Todaly. g1t1ta1 titastiretnent techntiqutes. sutch as., purl ic'l ties slittotd uIse nitetltud' otfprtipri ate for tie nicasureroenits
intage velteitnetry, can capture a fltow field at ,fit iitsttmrN enitficictt it) tile c~ai~tet beiet usedl for. evaluiat tot
to displaty thle Spatial vatriattions in velocity. butt teiporttt MealSUtrettietitsof lie Strouth1tl Iitunther attd dlrac cocflticictit
statistics are still it challenige in that mlaitv sucht imtages acaitist Reytititils nanthier in tlt0 dhita incltlude htere ftttitl
mut~st be recotrded artd mtnalyz.ed. A pokitt tttcsIretttittctt- Cat (Cell 'fill Cole,; [3]. sci CM~l~ I() c'ttntplttc fItvttrhly
nique. inl pat tirttlar utt- wire ttticnituititetr, is able toictertinl ssiti oilier experitnents (;ec figutres I atnd 2). luecr is a1
time recttrtds, bui cainnoit easily athlress spatial vartatlions Soittcsvlta Strtris-)Iioe %;tiijatitun ill tile VALSluesretMrtd for
such as thle strteX shedditig usitlittit averagin Iu thee u &uttti.
inlinpuriant sti uctutesy Also,. not-wyrc aticit;Ittietlers Cannott
notrmtatlly be used in reversing flitsw. Ititittativc tccttttuliql'5 8.4 Flow arioundl a square cylinder
are required tt Lc.tilitre SUtel cititipleX IltiWS Midt IrCCthu de-
tafiled data ouil tltCi'- Sittictitr anld (ittibulenec. The floss mtokin atl sqtuac e ,vfitufecr is. titl ittoritnutit Cast: fur

testing calctilottitit pliteeturcs lokiutcofplex turittletit fitiss's
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St -suits appear to have a broadcr and more secure basis. Some
0.4 T Lienhiard (1966 numerical studies (unsteady 2D calculations without tur-

SContwet coIes; (1933) bulcncc models) have been carried out at low Reynolds
0.1 Onnumhbcrs andl show a fairly wide scatter, especially when

thc Reynolds number is around 200 to 300. Lift and drag
0.2 -~.coefficients and Strouhal numbers havv been measured by

various experimenters in the Reynolds numnber range 2 x
4.1 -104 -1.7 x 105 They found little influence of the Reynolds

number onl tile Sitrouhial number (St about 0. 13) and also
ioz to, 104 10, 06 7 onl the mean drag coefficient (CI) about 2.1). There ap-

Re pears to be no drag- crisis as in tile Case Of' the circular

Cd cylinder. Thle first more detailed measurements providing
1.4 - profiles at mecan velocities and stresses due to fluctuations

have been reported by Dorao el al [5 11 for a Reynolds num-

1. ber of 14000 (see Fig. 5). Both blockage (I 17o) and free-
stream turbulence level (6%) were quite high. Owing to

1 77 ý their measurement technique, Durao et il. did not obtaini
S ~ phase-resolved results but only mecan averages.

0.1 T~~~'1he o nly ex.perimniitt wi th phase- resol ved res ulIts is thatin due

to Lyn &. Rodi [ 133] and L.yn ct a]. [ 134) who provided
Lianhard (1966) detailed mecasuremerts of thle flow past a square cyiinider
Cantwell, Calm (160) ,at 1ic 22, 0001 obtained with a laser doppler velocimne-

0.0ter. In the first paper, single-component ineasurenlients arc

Prnovided for the shear layer and reverse-flow region onl the
0.2 cylinder side wall, and in the second paper, two-component

measurements of velocities in the wake. These measure-

"3 o USto Re In? meats were chosen to be included in thle dlata b~'se, CMP2O.
The measured relatively slow recovery of the centre-line

Figure 2: Summary of Strouhal nuinbet s and drag coefli- velocity in thle wake, see figure 4, was sometimes consid-
clents. For circular cylinders Fromn 13 11 compared to those cred doubtfUl (Zand is difficult to simiulate by calculati .on
from (n129)1. methods). but it appears realistic because of the strong In-

dividlual vortices that are sustained qtuite far downstream in
this casc. No DNS studies are known for this Case.

because it Itas a simple geometry but involves complex
physical phenomecna such as vortex shedding and also trait- 0.20

*sitioit at higher Reynolds itutbets. The importantL differ-
*ence from the circular cylinder case is that the separat io C1t Lyn~ &f ctlICOSI

poinat is fi xed at Ithe fionnt corner o f the Cylinader.1)

*Vortex shedding is fountd For Reynolds i tm hers hitg her that) F
about 7'0 aitd remains lani nar and app-o xi mately 2D) up to V th ss

a Reynolds number of about 600 1 52 1. At higher Reynolds S
numbers the separated shear layers over thle side walls of V) 0.1 Lyntm (1

thecline neg rniin n hsocr tlsc ___ Okovir n o or (19821

the frottt corrtcr as the Reynolds number increases, At til Dai e ooe192

tear corners quasi-periodic alternate vortex sheddiing oc- ... ,*,

curs which induces the sep~aratted shear layer along the side 102 10210
walls to flap. The shed vortices are convected dowttiisacwn Reynbolds number Re
and they ate eventually broken up and diffused by thle tur-
bulent motion. The wake pas the square cylinder is aboutt Figure 3; Stroultal number variation with Reynolds iturn-
30t)% wider than that past the circular cyl indcr sirtd the drag her for square cylinders: froto data in [ 1591 and 142). comn-
coefficient is higher by a factor of' 1.7. pared witi t 1I341 aitd 1511,

There aic considerably fewer experitmental stUdieS Otl thle
flow past a square cylitnder than for the flow past at cir- 8.4.1 Experimient
cular one. Okajima 11591 and Davis & Moore [421 have
nieastired thle in fluetnce of the Reynitolds ttu tuber onl teile di- As with the c rcular c ylindetr, e xperi me nts w~iti e provide
tinc tii oin less shedd in g freqtiency (S trouh a I numtiter). lit thle detailIs of' thle flow arotunid it squtare CylIinidet are difficult.
inttntermdi ae Rc tIds n umbter range, they are. q ui t di ffer- and it was not until tlte deve lopitent otf' i astruinets tzatot
en t (see fig orr )kaj inma c arried ottt his mteasure'mettts whici. ctould hantdlec the reversedi notw regiton that sutc h dIata
with various cylinders and itt various fluids so that his re- becaite available, lEven then tilte separattons off- the front
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corners complicate the mncasurcments; tire flying hot-wire. It is oficri noted that th~is flow is sensitive to smnall change%
used so successfully for tlie circular cylinder wake, cannot in geometry. For this reason it is impcraiivc that tile hound-
be used easily in these locations. The laser velocioteter, ary geometry and thie inflow and outflow conditions,- he du-
rigged for directional d iscriminination, is ideal for this type p i eated care fully. Al so, it cornmnon difficulty in tlrc pred ic -
of problem, however, and( has heen appliedl to thle square lion of this flow lies in (the detail,, of thc recovery region.
cylinder of Lyn & Rodi [11331 and Lyn et all. [1134] (data set andl those should he a particular targct of any largc-cddy
CMP2O). si tul a ion.

Measuremcnts of time-averag~ed qtuantitics compare Favour- 8.5.1 Simiulationis
ably Wilhitthe (scarce) avaihable data. See figure 4 F'r a
comnparisorn ofstrcarnwisc variations of the streaiwise comn- Tire backward Facrig step was amiong tOle first georroucris
Itonent of velocity, its r.m.s. value, and] the r.m.s. value of vvitlr strong changes, in the strcamwise direction and fully
the transverse velocity componrent. Note that some of' the turbutlent flow to bC adldressed by DNS. The work by Le
data is for a circular cylinder for referetcec only. & Momn 11151 established the capability of DNS to han-

dle suchflows acuratel Data f'rom those simulatliort r
1-0 -T........... ý itncluded in this database (data set CMP3fl) arid match thle

.9a 9 0 -f9+ 4 +

tat + Jý, 0 W P 0 00 0 conrditions frrom tilc experirrents of Jovic & Driver 1991
OS - [I OF10)]. A comipari sonr 0 F rcastirer 1991 arnd comrputed 111.915

0' skirn friction is shown itt fieure 5. Details; of the simulations,

~ * ~ , uic inrcluded irt tire dlata set.
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0... r 2 ..1 . 15 .M 0 -and, o , thle experirierit irn 199] (reprinted

x frrom (99]).

Figutre 4: Stre am wise varriation o f tinime- ave raged (at)
streaoiwise velocity, (h) no.m5. strcamwise velocity. uitio 8.5.2 E~xperimewnts
Mc i~nns, transverse velocity in cylirnder wakes, from (data Bcueo fcatatv lmcckiýo h aki-
of; o , ( 134]; o , [5 1]; -1 13 1]. arrdo E. 1143) (reprintted fioro Bcueo n-a rctix rarcris c r iehc sur

1134]) fracirng step brr ret firi predict ion melhod, there have heeni
tmanry experiomerntal strdinrs of it. Advair-:es itt nrrlLtuiDIerrta-
town have produtred incrc rasr og ly u TC%11 Fr 11rsrIstir a rairge

8.5 Incompressible floiv over a backward fac'- of' ReNvomkndsrumlb-rsN, so two experitrierit arc incluided iii
ing step this databaseC.
The flow ovur a hack warr fac intg step ltrs becorme a can on- Thre experimrienit orf' Jrrs-i anrd Dr iver 199] 1100tO (oara se5t
icar flIIow for test ittg piediction cordes. The simptlie peortie- CM P13 ) vaq specCi ficallIy dles ignied (Ifn cornpar isol Willit a
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tiCS such its tile reCattaclirinnt point arid [lie OUrrer, urridireQ- riot1 11Ce SihiCIl 1iiicc Or rtlkid SCILItiIN Th- e DNS rrf I and
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Thc second experiment, that of Driver and Seegmiller [50]
(data set CMP32), was intended for evaluation of RANS
codes and is at a higher Reynolds number. Redundant inea-
surements and careful analysis of the data yielded a highly
regarded dataset which should prove useful for evaluation
of simulations, especially as they approach the more useful
(higher) Reynolds numbers.

8.6 SUMMARY OF COMPLEX FLOWS

SQUARE DUCT
CMPO00 UDOv 6.5 x 10'i E Yokosawa ei al. 164] pg. 185
CMPO1 urDvL= 600 N Huscr & Biringen [86] pg. 187

CIRCULAR CYI.iNtDEr.R
CMPIO ReL) = 140,000 E Cantwell & Coles [31] pg. 189

SQUARE CYLINDER _

CMP20 Reo = 22,000 E Lyn el al [134] pg 191

BACKWARDS FACING STEP
CMP30 Re, = 5, 100 N Le & Moin [1151 pg. 193
CMP31 Reh, = 5,000 E Jovic & Driver [99, 1001 pg. 195
CMP32 Rcl: - 37,500 E Driver & Seegmiller [50] pg. 197

L: experimental cases. N: numerical ones. Consult individual data sheets for more details
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Data Sheets for:
Chapter 3.- Homogeneous Flows
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HOMOO: Decaying Grid Turbulence

Comte-Bellot & Corrshi

1. Description of the flow

Decaying, nearly isotropic, turbulent flow downstream of a grid.

2. Geometry

The grids were periodic arrays of square rods, in a biplanar arrangemeut, anld had a, square mesh with a solidity of
0.34. The grid was inserted across a rectangular (1.37 01 x 1.03 m) section. followed by a 1.27;1 contraction (to
improve the isotropy of the turbulence) and a rectangular ( 1.22 in x 0.915 rn) nicasurcmem section.

3. Original sketch

Grid (mesh Al)

S-z L' I27U 0

Uo= 10 rn s'
i i(xo, t') • ''

177r' T / -7-f l ll7l~l7l7 t 1 1 1 1 1 1 1 1 I I7 7 7 7 7 7 7 177 7 7 7 77 7 7 77 7 7

., 18 M --- *I•! .. -- ,

4. Flow characteristics

The mean speed across the wind tunnel was uiniform. Tie turbulhence was very nearly isotropic, witi tilic ratio of
stireatwise, u ', and transverse, r.in s. velocities in the range 0 97 to 0.98. The decay ol both i mea, square
comnponents could he well described by a power law.

5. Flow parameters

Grid meslh size A! 50.8 U11 (it or 25.4 nin. Mean speed I.,) " 10.0 ni/s near the grid, increasing it) 12.7 /nts alltei
the contraction. Grid Reynolds itumber I/.,? = If,, AI/., ' 34,000 or 17,000.

6. Inflow and outflow boundary and initial conditions

Free stream turbulence level (without the grid) was about 0.05 7%.

7. Measurements

(a) lleasureincit p-rocedures
All measurenmnts were mnade wi th hot-wilcs and analog insL trnienlatiotn. A narrow-band filter was used for
measuring spectra. A1n ana•og tape recorder was uvcd for m ieasu'riing aittiocorrelations.

(b) Measured quantities
Streanwise and trainlsverse r. n.s. veh citics along the test secLtion. Autocorrehlotion funtoiitons of the veloc-
ity; two-point transverse coirclatiotts; space-litte correlatiotns. Narlow-baind autocorrlatiein functions in a
etonveetei tiratic . S1pectrally local chu:iiiteristic times. FreqeLoCty specira, Irom which one-dimensional and
three dimensional (I W;ve-ttlltmh elnergy spect'a art Cestiilttect.
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(c) Measuremecnt crrors
Spectral rmca:urements were corrected folr noise. Spectral unccrtninty ik difficult to cstininte hceause of' the
analog methods used, Estimated uncertaiinty ik a ftw percent it the lower -nd intermedliate frequecices, in-
cre asinog at the Itighesi ficq uenc ies. The latter range shoul d he treated with sonic cautition as it is knowni to cead
to unrealistically large velocity derivative skcwnc ss (GEORtGE, W. K. 1992, M/os. J;/ujjls A 4,.1492- 1509),

R. Available variable.,

O)ne-dimecnsi onal, W, wave- II u ubr spectral of' str-eamw Scsc velci ty for the Alf 5(1.8 sin grid a t Itree stations with
tU0/,AI 42, 98 and 17 71. At these locations. R,\ =7 1.6. 65.3 mid 60.7.

9. Storage size required and piresent format of thc data

Otnc smiall file in ASCII fornmat.

10. Contact Persoin

Professor Gcnevi~rvc Conltc-M3llot
Centre Acoustique, bEole Cetitrale de Lyon. B.R 103, 6913 1 Ecully Cedecx, France
tel1: 3304 72 186010
fax: 3304 72189143
e-maiil: gcb @ntcealu.cc-lyon.fi

11I. Main i-eferences

CaM~~-13ut O, G &I COURtS IN, S. 1966 The use ot* a contraction to improve thie isotropy of grid-generated
turbulence J. Fhudf Mccli 25, 657-082.

CO(MTtL- B[FLLO, Gi. & (unRIttN. S. 1971 Simple Euloriain litte correlations of' full indI tarrow-band velocity
signals tn grid-generated isntotpii turbulence,]. FluidI Afcc't. 48. 273-337.
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HOM01: Decaying Grid Turbulence

Ferchichi & Tavoularis

1. Description of the flow

Decaying, nearly isotropic, turbulent flow downstream of a grid.

2. Geometry

The grid consisted of 11 horizontal and parallel cylindrical rods and had a solidity of 0.34. It was placed in a
rectangular (305 nun x 457 mm) test section, 1.52 in downstream of a 16:1 contraction.

3. Original sketch

S~grid

16:1 contraction h=O.305m N 1M25.mm

4. Flow characteristics

The mean speed across the tunnel was uniform. The turbulence was nearly isotropic, with the ratio of the streawwise,
u', and the transverse, , r.m.s. velocities about 95%. The decay of the turbulence intensity was described by a
power law with an exponent of - 1.21.

5. Flow parameters

"The grid mesh size was M=25.4 Imm. The mean speed along the centreline was U = 10.5 m/s. The grid Reynolds
number was R.,j = fTIti/v = 17335,

6. Inflow and outflow boundary and initial conditions

Turbulence intensity in the unobstructed flow was less than 0.05%.

7. Measurements

(a) Meusurenent procedure
Two sets of hol-wire measurements were performed, the lirst with a cross-wire probe and the second with a
parallel wire prlobe. Spectra were measured with a single wire probe.

(b) Measured quantities
Probability density fuinctions of stream wise and tr-ansverse velocity differences. au(nAx). A-t,(Ax) and Au(t.y)
at a position with x/1,1 = 47.2, where u' = 0.'t20u/s. L = 38mm, A\ -I. t mm. Jc.\ = 'A/v = 84 and
71 - 0.231nin. Energy spectra of the sieaniwise velocity.
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(c) Measurement errors Because of the large volumc of data used, the uncertainty of Ihe pd f would he very small,
at least for the inertial range data.

8. Available variables

Pdf of velucity diffcrcnccs at different probe spacings. Energy spectrum of the streamwvise velocity.

9. Storage size and present format of data

Small files in ASCII format.

10. Contact person

Professor Stavros Tavoularis
Department of Mechanical Engineering, University of Ottawa
Ottawa, Ontario, Canada K IN 6N5
tel/fax: (613) 562 5800ext, 627 1
C-mail; tav@eng.uottawa.ca

11. Main reference

FERCHICHI, M. & TAVOtLARI., S. 1997 Unpublished measurements.

I-



HOM02: Decaying Isotropic Turbulentce

Wray

I . Description of the flowV

Simulation of incompressible decaying isoti-ople twibulence.

2. Geometry

3. Sketchi

10.

0-

o10

o10

iko-, I II. -

k. eta

4. Flow characteristics

l'inm-decttving honiogenenus analog of tlie gridl-tlrhtilence expelriments of Conite-letllnt & Conrsin (197 1).

5. Flow parameters

58.32 < ?o.,\ < 104.5

6. Numerical methods and resolution: Numecrical scheme as in (Rogalln, 1981). 512:" collocation points. Lairgest
coimpu tatitonalI watvc[it]tither, kj,N ax ' 2411

7. Boundary and initial conditions

Pcriod ic boa oday cond it ions in all 11Iire, spatlial d1ircctiotns. 'the in itial field has a spiectrma ~e akced at k S 6 (where
the lowvest miode is k = 1), and random phases. at lfx952.

H. Averaginig procedures and resulting uncertainties

Statistics post-Iprocessed usiniig the sanme spiec tial basis func [tios use~d to advanttce the Nav icr-Stokes e loation S ill
timle.

9. Available variables

F~ilmteed ye loc ity fiel i( lflysictit space at Rv, = 1(-1..5 (letrived from the full Si 2t fieletd by sitaip i titic ation in
k- spLce tot 128:'.

Thoi history of total energy. enstirophy. initegral scale. i. I velocity -derivative skewitess.

3-d ener-gy and tr-ansfer spiectra and 1 -d energy spectral~ 26 timecs in the given RcA r-ange.

IdM of velocity dlifferences at BrA 70.45, (65.11, 6(.41
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10. Storage size required and present format of the data

25 Mbytes of IEEE binary, single precision floating point data for the restart file. A few Kbytcs ASCII datm for the
statistics.

I1. Contact person

DDr. A.A. Wray
NASA Ames Research Centre, Moffctt Field, Ca. 94035, USA.
E-mail: wray@aas.nasa,.gov

12, Main references

COMTE-BELLOT, G. & CORIBSIN. S. 1971 Simple Eulerian time correlations of full and narrow-band velocity
signals in grid-generated isotropic turbulence. J. Fluid Aech. 48. 273-337.

ROGAI wO, R.S. 1981 Numerical experiments in homogeneous Lturbulence. NASA 7i-ch, Memo. 81315,
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HOM03: Forced Isotropic Turbulence

Jirni~nez, Wray , Saffman & Rogallo

I* Description of the flow

Direct numerical Simulations of forced isotro0pic turbulence in it periodic cubiC box.

2. Geometry

Triply periodic box.

3. Original sketch: Not applicable.

4. Flow characteristics

Frwced at low wave-nitumbers k < 2.5. Fully resolved k,(i2.

5. Flow parameters

R(,\ AN L, L,/A L, /71  LIL, r¶/Tl - P..
37 64 1.8 2.3 2 7 1.09 54.2 0.49
62 128 2.2 4.2 65 0.80 9.3 0.50
95 256 2.0 6.3 120 0.72 8.2 0.52
142 384 2.4 9.5 222 0.73 5.9 0.52
168 512 2.4 11.2 286 0.69 5,1 0).52

11T is tile total run time inl eddy turnover units, F., is the skewvness coefficient of the velocity derivatives, L is thle
in tegral Scale and L, = a `/c is the eddy dissipation scale, The.size of thc com oputati onal box is 27r.

6. Numerical methods and resolution

The numerical method is fully spectral, using primitive variables 1), with dealiasilig achieved by spherical wave-
space trunacat ion and phase Shi fti ng p Rogal lo 198 1 ). The resolution N given in the table above reflects thle niumbero01
real Fourier modes in each direction before dealiasing. 'The largest computational wavenumber is k,,,,,. =v/2-N/3.
Tlhe time stepping is a second order Run ge-- Kutta for the no nl inear termis and anl analytic integrating factor for the
Viscous ones. The tinlic Step is atm tomlatiCal Iy C01in trol ld to Satisfy tlhe nlumerical stability condition. All fieds are
foreed to achieve a statistically steady stale by introdcuei ng a1 negwat e vi sci si ty coeffeicint for all tI e mo des w ith
wave numnbers kA- Iki < 2.5. The Foonier expansioii functions atre vxp)(1:ikjx,). k-j = 0), 1_..,K =N/2, so that
dlie lengthl of' lie, box side is alwiiys 27T. The magnitude of thec neg-ative viscosity is adjusted eveiy few time steps so
its to keep) cioni tant tie p~roduc t K"71, whereC -1 is thle Kooio0gor-O vscale, anld thle instantaneous On le gy dissi)pation rtite,

6,is corn pited in ter nus of thle eniergy spccirtrom.

7. B~oundary and initial conditions

[ler iodlic hi 0 dary con01ditions in all thrnee spat a!l di icetions. Initial conditiotns are not relevant, since the flow.N is driven
to statistically Stead y sate.

8. Averaging pirocedu~res amid resulting uncertainties

Statisties l0Si] in iCessed Using thle sai je spec Irill basis funclieouns used to ads ance the Niiv icr---Stok(Zs, equoat ions in
time.

Non icical em i-rs are less than 2'3i. ichecked by grid refIinetmenit at the lo wer Reynoolds numbers. Statistical c onvet-
gence errors are abount ±5% for large scaleC (qujltitiCS. hotl grow to h~alf an order of miagnitude for the exiteme tails
of thle li(11l of' thie graidients.

9. Available variables

3-d and I *d enengy spectra.

-I' od f lonpit linal and transl'ver-se VClocitY-di ffCreiClCs at thle five Reyniilids numbers, tom separations in tile inertial
range. d1'(1 lo lowv fields filtered with several Gaussian filters. at ]?(,,\ 1-12.

Pdf of, velocity gradienits. enistrophy, total strain and voitielty stretching.

Oniie restart field ..t /?(.,\ - 96. spectraillV ty tto ilcatd ito 32 re soluition,
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10. Storage size required and present format of the data: Aboul 400 Kb of binary data for the reslart lile, and
400 Kbytes as ASCII data for tile statistics.

11. Contact person

Javicr Jidltic/z
School of Aeronautics, U. Poliriicnica, 28040 Madrid. Spain.
E-mail: jinmcilcPle or-ojil.dIo.UIl)m.cs

12. Main references

JIM!LNEZ, J., WRAY, A.A., SAFFMAN, P.R . & ROGAI.I.•),R.S. 1993 The structure of intense vor•icily in isotropic
turbulence, J. Fluid Mech. 255, 65-90.

JIMPNEZ, J. & WR AY, A.A. 1994 On the dynamics of small-scale vorticity in isotropic tu rbu len ce, 'it Amnnal Res.
Biriefs, Cenlre for Turbulcnce Research. Stanford CA, pp. 287-312.

ROGALLO, R.S. 1981 Nunlrical experimcnts in homon1geneous utrbtleiwce. NASA 'ch. Mcemo. 8 1315.



HOM04: Grid Turbulence with Plane Strain

* ~Tucker' & Reynolds

I. Description of the flow

Grid-getterated, neatly isotropic turbulec::e is subj-cted to uniform strain by passing through a distorting duct.

2. Geometry

* The Iacuitiy used was a suction wiitd-tunnel with a rectangular cross-section of varying shape but constant cross-
sectic~nal area, A perforated metal plate with at square mecsh was used as a grid. Thle flow entered, through thie grid,

* into a parallel section, from which it passed successively into a distorting section and, finally, into another parallel
section, where the strained turbulence relaxed towards isotropy.

3. Original sketch

4.2 flo. charat4iift.

it e o ro c nc tei P te(itartall el t iit onstai raed on sidrai le an sorop.wit hesraw cmansur

5.1 Flo I W flowter

U0 6.1 in/s

4. iFlow caacdOteristics as m~ttcodtin

WThoueh ud helc tet turbulence leveln w(li2% Te distorting (Iticn was psittned aosieal nsorpwt ticamdist manc Sof 3514
velocity thevn gri fheIa uruet iei ei

7. Flowpasraenters,

The gtrimesh swizeye tt tvwas mle1.5iand ried woiith a =in3l. hot-e wieomeal topted flow thle traits ver1secvtiocnitis

W erou te pretiurdwitlasnle h oeim turbuwire, slanted wat 0.2% Tiltt dispttoring lo duc waoiteetion.daadsac 13A

(b) Mecasured quantities

Mean sq uaredl velocities in the streamtw ise, transverse and latentaI direct ions.

Ic) Measuremuent eritors Possible LIIICCertailit y (95% coil ide nec level) of 21/c fot til caniei velic it y, 4% A'for tile
streanliwise Reynolds stress all(l 8'Y' for thle transver-se and lateral Reynolds stresses,
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8. Available -varialbles Mean squared velocities in the slrcamwise, transverse and iateral directionfs.

9. Storage size required and present fermat of Obe data

Small ASCII file. Notice that x2 is the strcamwisc direction.

10. Contact person

Not available.

1I, Main ifCCronce

TnUCKER,, E.J. &RENOLI) AJ. 196, The dislortion of turbulencc by inotational plane strain J. Fluid Mech.

32, 657-673.



HOM05: Grid Turbulence with Tr-ansverse Strain

Leuchter & ilenit

1. Flow dcscription

T1ransverse Strain at con stant rate D is created in planes perpendiculfar to tile flow direct ion. Tfhe flow is% deli tied (in

thie labor*ator.) axes) by tile followinig nion-Ze to elecmnents of' the strain late, Ittatri x

Wiht is jlllon, tII~ ptittipal axes ate inclitted by 45 deg. with respect to tile laboratlory fritalin in whichl thle
mecasuremtentts are perl'ortneil. Note that itt Oih ptincipltl axes tile flow wouldll he def ined by:

with tile other gradients Zer~o. Satislatettiy lottlovencity cond(itionls arei achieved ill this flow.

2. Geometry

The flow citters through a cyfitldrie;al duct oh 0.3 lit diameter illo0 tfle diStor-tinig (dLet. The grid turbulence pcnetn(ltlt
(of' 1.5 cilt Ioesh sizc) is located ill tite cylindrical duct (0.25 lii ltpsttretltl of 01e diStotirtiti duLct. The (liStoifitlgdU~tt
lots elliptical cross sections of conistanti atrea wi'h1 conitinutously itncreasitng cccentricity and fixed orieintatiotn (of 415
(leg. withI respect to(ie ft Iahi ratloty axes). fThe taax it i UitValuLe of, the aspect ratio (L/1) of, tile clipijtical sec tionlts is 8(1
in thie exit platte oh' tfle duet1, clirrsplotldling tolL it noll-ditltensiiitttl tithe Dt iii 1,04, '['lie length of' [liiiit-it distrig (filt
is 0,..66 Ill.

5. Orighial sketchi

Convergent Rotating duel Olsiciring duct

Honeycomb Grid initial sectilon (X)

4. Flow ch~aracteristics

Thicflow is intitially hltloiigeneoits andl slightly aitisotr-opic (see bielow). 'ilie axial Velocity tetitatis chonstanlt dot tg
thle straining process atid transvers iotnlogenleity is conlserved in the ceniriil flat Iof die fiiow remlnoe front tlie wallIs.
'The turholletice bccoiiics progressively atnisotriipic milleite ele fct ii* liw Strain. Thie tIti isiiot tilli.t iion is represenited
Itete hy thie growth if thle 1raiis'vcrseco(hrrelatioln ciiefficiciit T~7/ii~,close to thlat iihserved Ill fil traltsvcrsc shear.
flow (test case I It M2t)).
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5. Flow pasramieters

SAxial .- cI~iy:ty H* 10 rn/s.
*Strain ratc: D 5. '

6. Inflow conditions

"Nomoinal" iv~tial contdiions (it x 0 and for U =10 771/.q) irc:

* kinctice nergy: q2/2 0.283 701s',

* anisotropiy. '11"' .- (v + 112))/q
2  . 5

* dissipation late: = 17.'; m
2

/8 :i

lon10iudilla! intcpgal Ivrngthseatc: L,, = A X 10-1 to,
* rarnsvcrsc integial lcrw'thsza'c: 2 A x 10- m,

*Taylor nici os,:atc: 1.,55rik y, " 1()-3 71)

* Kolinogorov lengthscale: q = ,v"11)'~ 0.12 x 10-' in.

ndcroscale Rcynolds number, fic.5 F /23 A/v = 15.2.

7.~inithdl section z = 0 is kocat..d 0.25 Io downistrca of the turnutience grid.

7. Meziurcd data

(a) -ijsurearrnrt prce~d-re

Hnt-wirc methods using DISA (DAN tiC) anem'rnttcirs 55Mtt I and crosscd-wirc probes of iypc P6 1. Digital
data proccasing of 100 x 2048 siirluli:~nc,.ns samiples for both velocity components. Yout angular positions of
the pro~e arec rnr~dcred to resols'e thc fou- non-Y.Cro Rcvnolds'-strcss conmponents.
The nmeasuremcnts -.r(, made in 13 eqjidistaý,.- positions oin thc axis oftili duct between the initial section a:1- 0
aiid the exit sctlion a L --~ OV6 m.

* Mvasuriid quantlities

-ax~al mean velocity :oinlponentt

*ti anlsvcrsc mieatn velocity e'itopincnis V~ and IV (negligible compared to U'),

-Reyn', S stresses mir, 
2
,8

p. c'i eri of the three vcli';ity comlponents.

-
teigtliscales, L,, (= a,11,1).L(=- L.2 .1 , and 1,(ý-!,~) deduced from the corresponding spectra.

(c) .Wa,-Irenietit errors

Fmist'itaed iio be of the oirder of one prcen~ti fm hle in-an vet ocities and +tnut a few~k percenit for -:i turbu~lecel
qant It cs,

K. Av~itiblac meas'irenu'ots

]'he -,tsire dii;pteyed ItI a table with ItI columns coriiespotvlinV to the fo~liov iog qluantities:

U loitgituJI J iositio'n x (7i ),

im- ii'ii-tiensiodIl !irilI)-, f

-a:Jaiat meon velocity couponcrit U (oi1/s),

* - I~~~~~~Rynolds sitr ssi, ,Z.tT(i/5)

-dissipation raic c iii 1,cvalL13tccl t1o011 -- ) 2 '~i-17(t dr"

lengthscllcs L,,( 1,).1 L, L.a,2. and L.,Q L (it in).

9. Size anid preseAl fiarmut uf data

Smialt ASCII file.

10. Contact Pierson

C). J'Cuchter
ONliRA
8 rue decs Vertof'ldins
F[9 J': ad cuhe"idoiie. Hac

NjAMR
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11. Manin referenices

Lr.uci]T-.TR, 0. & Br-NoIT, J.P. 1991 Study ofcoupled effects 01, pinc sirain anid rotatioa on homogeneous turbu-

lence Eighth Svniposiurn on Turbulent Shear FLows, Munich.

LL-,ucwTr~, 0. 1903 Turbulence hon~og~ne :ur* ides cffels coupic, deotati-,n et de d~formation plan~e ou

axisym6triqi'c hnternal ONERA Report 15/ 45AY.
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HOM06: Grid Turbulence with Successive Plane Str-ains

Gence & Mathieu

I. Descr-iption of the fPoi

Grid turbulcrnce: was first subjected to plane strain 111n11idts IIrincipal Revi'nnfs stresses were alijOIev with [lie principal
strain rale and then it was subjected to another pl ane strain iiut with a di fferent orientation of principal axes.

2. Geometry

Uniform flow passed through a grid with a square mesh size. A! = 35 nmm. in an elliptical duct with axes length,,
0.3n? and 0.07i5m and a length :aj /Af = 40. Then, it entered a first distorting duct section, with a lengjth of 0.4
II and all elliptical cross- sect ion whose axis ratio dlimttnished monotonically until it reached unity (circular shape).
Finally. thie flow entered a second distortintg section. also with an elliptical cros.s-sectiln and aI Ittgth of' (Ito which,

kitarting from a circulot' shape, ended-up to a shape tifentical to thtat ;it tlie entratice (If the previouIs section. The fitnal
section could he rotltecl ahout thce streattwitse axis; results arc reportedf for aingles n 0 (corre-spocnd jog to fital
section axes nortmal to those in the previout sScCtioln. timIts resulting in ptirc plane st raill hrIlrOLghout1 hot) di ~listonig
section,;), 7r/18, -ir/4, 3-F,/8 and 71 /2.

3. Original sketch

4. Flow cliaracteiriticF

TIhe i]]cali velocity and thie i~lltglitIIld oIf' tOw illel strain rate wor approiFlS itletly nliaintai ned COnIstant throlughoullt
thie test sect on. 'If i tle Ic tiece k i octic energEy decayed itt tlte first distorting sect ionf bilt. dlepctal~inti onl the Value i1t

the angle oi, it decayed (o ý -,,/8 and 7--l or grew (a(I=0, , !8 and( -,,/.I) in thec secottd seektioti, At the exit of the first
(lisorting sctlion, the pritncipal axes of the Reynoldfs sitress; tensor becatne alignied with tho-wett ofthe locaf tmeait strain
rate tentisor and th en e vol ved, depetiding onl tl fc oient at ion of the fintial ection. w i tIl wl however. tr eaihin g perfect
alignment witht the local nittan strain axes :;I (he duct'S esILt

5. Flow, parameters

The nioea velocity wts 181,6 mis --. The itew' strain rate as32.2 .s

6. Inflow andl outflow houndary andl initial conditions

Thle traCe of the Reynolds Stlcss teilsor at the entrance (If thle ihstolrtintg dfuct va'. 0~~.1 t~311).
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7, Measurements

(a) Measurement proced-ircs
The mnean velocity arid (lhe Reynolds stresses wecc measured with hot-wirc anernonmcetrs, Shear stresses on
transverse planes were measured by rotating sin),te wires at different orienitations with respect to the flow
direction,

(h) Measured quanntities
Apparently all Reytiolds stresses were measured, but reported are only the evolutions of the turbulent kinetic
ei~crgy, the mnain anisotropies anid lhe principal stress angles.

()Measurement errors
Typical uitcertainty (95% confidence level) is estimated to be ± 2% for- the mean velocity, ± 4% for thc
streamnwise normial stress anid ± 8% for the other stressus.

8. Available vari~ables

All tabulated data have been presented vs. the dimensionless streamnwise distance x 1 IL (L = 0.8in is the length of
thie entire distorting section), for different values of the angle a. Available variables are q2&q,2, the anisotropies b22
and b33, the invariant bi5 bk, and the angle, (k, between the principal axes ol the Reynolds stress tensor and the strain
rate tensor.

9. Storage size required and present format of the data

Smnall tiles in ASCII format.

10. Contact person

Professor I.N. Gence
Fcole Centrale de Lyon
B.P. 163, 6913 1 Ecully Cedex, France

11. Main reference

GE NCL. J.N. & M Ar~Tt1u, J. 1979 On the application of successive plante strains to gr id-generated turbulence J.
Fluid Aech. 93, 501-513.
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HOM07: Return to Isotropy of Strained Grid Turbulence

Le Pcnvcn, Geriec & Comte.Bellot

I . Description of the flow

Giid turbulcncc was first Su~hjCCtCd to three-dicrmcsional strain an(] then let to relax towsards isotropy.

2. Geometry

Nearly isotropic til-uerbrrcn was Produced by a biplane grid with a square mcshi size Al ý 5).8rn arid a solidity
0.33, followedl by a 1.27:1 contraction. Th'lis flow entered one of two interchangeable distorting ducts, ealch With)
ai length of 1 .5?n and at rec tanguol ir- shaped cross - sectiion but hothI height an(1 width changring continluousl y, so that
a threc-dimensional Strain was iniposed onl the turbulence. Finally. thc %trained turbulence was let to relax back
towards isotropy in a 5. 13m long sect ion w ith a un ifo rrr rcc agii i uIar c ross-sect io n

3. Original sketches

2I
0)D

1.3m ir m 0~ .5m 1l M5.3
GRID CONTRACTION DISTORTING TEST SECTION

1.27:1DUCT

]Z >0 12 ~
e.t<( 3

4. Hlow characteristics

The obje ictive of' thre expertoicnit was to oLterininle thL rate ol return towards isotropy of anirsotroipr turbulence,
and partficuilarly its dependence on the initial parltiion of thre trirhorlence kinetic eniergo into it', three Comiponients.
TIhe second and thIiird i nvar ianlt s of the tRe ynoldt s sress aniisot r py tenlo.1,ý u--iT-lu riiA - I /3S5,3 are defined.
respectively, its II =bjh allrii III = bA.I(.jb,, l1,re two dis;tortirre dulcts, wecr designred to give approxinlately
equlal Valuels Of HII hutO~t oppositealuc, of' III at their extBecause of, thre streauriwise accceleatirri, both cases,
exhibited a strearniwvise Rcyiroldts stress that Was snialler than tile two trans~verse: Ones. When] III > (1, rine oif the
transverse stresses was substsantially larger thannr thre oIther one while. when) III -1t0 the tWO rrrosverise stresses; rad
coriipzrrabfe niagiitoidc~s. Thei rate n"I ctIr1 o1f11 tIretuHure sirki n iet owvirlf isotroply was" fouind toih larger( wherr
III < It thlrlr ill the oirtre case.

5. Flow p~arakmeters

'F'lue inrearn Velrcity at thre enr;1itrie to (ILL dIIS10nrtin' dieLt Wars ',. -- 6i.06 iivs 1or 111 0>( and 7.2 ors o
III < tt. In 1)itl1 sthit ~e rirerri lOW WcelciratedI doossirsireanri.
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6. Inflow and outflow boundary and initial conditions

The values of the Rcynolds stresses and the turbulence kinetic energy at the entrance to the final straight duct have

becn provided il the dat a files.

7. Measurements

(a) Measurement procedures

The mean velocity and the Rcynolds stresses were neasured with standlard cross-wire, hot-wire anemometers.

(b) Measured quantities

The three normal Reynolds stresses were measured, from which the turbulence kinetic energy and the second

invariant were calculated.

(c) Measurement errors

'Typical uncertainty (95% confidence level) is estimated to be ± 2% for the mcan velocity, ± 40 for the

strcamwise normal stress and ± 8% for the other stresses.

8. Available variables

The mean velocity in the distorting ducts has been presented vs. streamwise distance from the entrance. The three

normal stresses in the final straight duct, the turbulence kinetic energy and the invariant II have been presented vs

Sthe elapsed time t = J 1/(UT1)dx, , measured from some effective origin.

9. Storage size required and present format of the data

Small files in ASCII format.

10. Contact person

Professor J.N. Geitce
Ecole Centrale de lyon, B.R 163, 69131 Ecully Cedex, France

11. Main reference

LE PENVEN, L., GENCE, J.N. & COMTE-BELLOT, G. 1985 On the approach to isotropy of homogeneous turbu
lence: effect of the partition of kinetic energy among the velocity components in Frmvtiers in Fluid Mehianic.s, S.1H.

Davis & J.L. Lujilcy (editors), Springer-Verlag.
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HOM 10: Rotating Decaying Turbulencc

Jacquidn, Leuchter, Canilon & Mlathieu

I . Flow description

Freely decay inrg homtogeneouts tuorbutence in solid -body rot at ion.

2. Gcometry

Solid-body rolalion is c reated by mn nars of a rot at ing ducl (r0.3 In in diaometer ccjiiipped cwit iia ft n - mesh hiontc yeom h
and a grid turbulence gene rat or. Thre nominal m esh sizc. of t(lie turbulence gene ratort is 1 .5 cuin but di ff'crent mesh
si zes ( I cm andl 2 ciii) have also bceen used. Thc flow is explored in n (fixed t cy imi ri cal pipe of 0.3 mi diameter and
of 0.88 in leng-th. Thc initial sect ion is lo cated (0.25 in doiwnstream (i f the tut hit IC icc g rid.

3. Original sketch

Convergent Rotating section Cylindrical test section

Flow_

Honeycomb Grid 'Initial' conditions
(x - X.)

4I. Flow characteristics

l-iottiogcencus tuthuletice is sutblcjcted to solid- body rotationt. The rotatioti slightly reduces the turbulent energy de-
cay, compared to the 0011-rotating ieference case (also included ini the datit . Rotation mainly affects the comoponcetts
nrormial to thie rotation axis and productes a dlistinct art isotropi/ation of' thie integral lettgtltscnles.

5. Flow parameters

" Axial velocity: 1t) t/s.
"* Rotation raite- 11 = 0 and 6i2.8 i-d/s.

"~ Rossby nrumber Hon 2/l(Qq `): rairginp front 1.3 (upstrem) to 0. 13 (dnwtrstreato).

"* Mesh size of thie turbule nce generator:
case A: Al 1,10 cot
case B3: A!M - 1.5 cmt
case51 C: Al 2.0) emi

6. kedlom, conditions

'Nominital' initial cotnditions (at x f0 atnd for U ý- 10 n/s. S1 = 0 ae given inl table I I'r flow cawes A. 1B anrd
C. The itnitial sectiotn . =(t is located 0.25 ini dokmnstream of the tublence100 grild. Thle fo0llowingj parairreters are
considered ini table 1:

* kinetic Cttcrg\': q,!/2,

* attisoinnpy: A /q2 ~
* dissiplatotlt rate: (I

*longitudinal interral 1cii.~ae ,.

trlatsvers(' intejgral lenigiliscalo L_.
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* Taylor microscalc: A ,

* Kolmogorov lengthscale: 1 = (i3/) /,

* microscale Reynolds number: ReX q/3 A//.

Table 1: Inflow conditions

flow case A B C

M (m) 0.01 0.015 0.02
q

2
/2 (02/82) 0.149 0.264 0.466

A/q 2  0.04 0.17 0.17S("12/s3•) 11.6 16.1 31.7

L,, (7n) 5.6 x 10-1 6.4 x 10-' 6.1 x 10-1
L, (in) 2.3 x 10-' 2.4 x 10-3 2.4 x I0--3

A (in) 1,4 X 10-1 1.6 x 10-1 1.5 X 10-3

71 (in) 0.13 x 10 ":1 0.12 x 10-:" 0.10 X 10-1
Re, 29.1 43,3 55.2

7. Measured data

(a) Measurement procedure

Hot-wir i methods using DISA (DANTEC) anemometers 55MOI and crossed-wire probes of type P61. Digital
data processing of 100 x 2048 simultaneous samples for both velocity components. 1-our-wire probcs were
also used.
The measurements are made in 10 positions on the axis of the duct between the initial section ,; - 0 and the
exit section u: = L =- 0.88 in.

(b) Measured quantities

- axial mean velocity component U,

- transverse mean velocity component V (negligible compared to U),

- Reynoids strcsses iL2 and n 2 ,

- s)CeCtLa of the three velocity componenIIts,
- lengthscales L,,(= L, I,) and L1, (= T,22,1 ), dcduced f'rom the corresponding spectra.

(c) Measurement errors:

Estimated to be of the order I, one percent for tie me]all, velocities and about a few percent for the turbulence
quantities,

8. Available measuremeniLs

The results are disposed in six tables with 8 columns corresponding to tie following quantities:

- longitudinal position x (in),

- axial rmean velocity conmponen t U (in/s),

Reynollds stresses L' :, (P, 
2

/,s),

- trace oflthc Reynolds stress tensor q2 (r'n/,.), evaluated from q2 
-- i - 2v 2 ,

- dissipation rate (7 m1/2 ). evaluated from 11 ( - I Utdq2 /d-l

- lcngthscales L,,(=r Lt1,I)and L,(= 1'- 22,2 ) (M),

The tables I to 6 correspond to the following cases:

- 'able 1: Hlow case A, Q- 0

- T"ble 2: I-low case A, S1 62.8 rd/s

- 'able 3: I-low case B. 12 0

- 'able 4: Hlow case B. S1 62.8 rd/s

- Table 5: F:low case C. 1 - 0

- 'able 6: Hlow case C. 12 62.8 rd/M.
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9. Size and present format of daita

Small ASCII files,

10. Contact person

0. Leuchier
ON ERA
8 ruc dcs Vcintugadins
F 92190 Meudoil, Fiance

c-mail: lcuchicerloncra.ft

11. Main references

LEUCHTrER, 0., JACQUIN, L. & (~iuwizO'', P. 1989 Etude exp~iimentale dle la turbulenice homog~nc en rotatinfl.
Confi-ontation avcc un ntndd~e EDQNM. hinternal ONERA Report II/I 1-1A)1'.

JACQUIN, L., LEUCHTEEZ. 0., CAMI3Ot', C. & MATMIET, J. 1990 1-Innigencnus turhulence ini the presence of
i-otation. J. FUui(I Med,. 220. 1-52.
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HOM12: Rotating Turbulence with Axisymnietric Strain

Leuchter & Dupeuple

1. Flow description

Homogeneous turbulent flow in solid-body rotation is stobjected to axisynimetric contraction with a constant strain
rate. The flow distortion is defined by the following strain rate matrix:

D 0 0
Oj 0 -D/2 -Q I1

0 Q -D12

where 1) is the strain rate and Q the rotation rate which varies with time according to

S= . .U (2)
IF. Uo

Q0 is the initial rotation rate before the strain is applied (at timc t=O), and U[ the corresponding axial velocity.

2. Geometry

Solid-body rotation is created by means of a rotating duct of 0.3 m diarncter cquipped with a fioe-mesh honeycomb
and a grid turbulence gencrator of 1.5 cm mesh size, The gcometry of the contracting duct is defined by:

R.(X) 3j4- -U•- (3)
0 )

ensuring constant '). 11(?() is the radius of the duct at position x ano 1Io its initial value (11 = 0.15 7n); a- is the

axial distance from the initial section where the straining process begins,.

Two contracting ducts of different length L, but with the same total contr3ction C = [Ro/IR(L)]2 havea ten used in
the experiments:

"* duct I of length L."l m.

"* duct 2 of length L=0.5 1n.

"3. Original sketch

Convergent Rotating duct Distorting duct

/ K Th_

Duct I (D7U 2-4 )

u 0
H r2.,

Honeycomb Grid Duct 2 (D - 48 s"
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4. Flow characteristics

The [low is initi tally in sold -hod y rotation and tli he urbulnceC is hon oL'ciicou. T'iraVCS a ser OIionC1it Y is conserVed
new- the axis dur-ing the straining piocesN. I'ihe iniitial axial velocity is I (Io 8 ut/s. The coriL'SpoOnling maximium
initial rotation rate is Q() = 48S rd/s and the corrcspondinL, strain rate is D - 24 .s- lom duct I and( D = 48 *s
for (hitt 2. The case of pure axisymmetr-ic strain (fl = Ut is onosiduert as the relerene case andt is also iflclldedl in
the data.. Dun n ng thec distortion, rotation notice ahl y reduces the anitsotiropy of the Rey'not d s-strmesse prodiuced hy the
str-ain, and simul tane ou sly inciteases the level oft tie rapid prc sso c - st in n rlre Iations. Thiii speciftic r-otat inn effect is
not repr-oduced by thie classical Reyn olds- stress models.

5. Flow paramreters

T[be flow configurations aric the Following:

Tahble 1: Flow par-a ict ers

Cotltttgurattion duct L0 (Ot/s.) 1) (s [24) Wo
1 8 24 0-C) -

2 1 8 24 2
3 2 8 49 U
4 2 8 48

'Nomnital"' initial conditionis (at ;- C)0 and for- 1 SIn/s ft are:

* kinetic energy: q2 /2 t)IF)i 1112/S2,

* aitisotrop)': (ti'2 - 1!2 .121

* dissipation r-ate: c,8.2 om2/1S3

* longitudlinal integral lettgttiscalc: L,, -- 5.8 x 10t" 11t,

* transverse inteegral letigtltsale: L,_ 2.5 x 10tt ot,

Thlylormticroscate: A\ \/ý451rJ2/( 1.7 x 10-:t In

SKolunigor ov lengtltscale; il -- (ipA/ 1/ = tt.1-1 x 10 -: Io,

*tmicroscale Reyntolds number: ifr'% -s t q/3 A/i' -ý 37.

T[he initial smcion x U Ois h td02 n ontem fmt iuce rd

7. Measured data

(ai) Measizreineiit procedure

1-ot-wire miethiods using DISA (DANITOC aniemlomteter. 55Mtt m iid crossed %%I~e probe. of ty'pe 110 t. .)gm

data pr-ocessimtŽ of 1001 x 20l.1k itltnom snp for both veloeitv c'otmpotlents.
The [low is exptloied otn t-c axis (ot the duct betoecn thie long:ituslittml posilionsI/! nJ (1 and :r/i = I for. duct
1 (1 J- I it?) and lbutecn xr/1, -0t.28 avoxlt / =- 1.225 for- duct 2 (1. ý 0."' ?o '[lhe axial distan0ce betwecit
s"Ceessive otle'.SUrettlett poinits is Ax = l/ M. yietldine at total nutmber oif t17 nta1V`,:tB'ctie poitits for.dt~
and 25 it casut'ctic tit poitIts lu: dujct 2.

(b) Mleasuired quantitivs

- axiat Mneal. veocify C omponent U,
-traiisvcre tsc an MelCity Coittpriitett V (iwel~ibihk comp11ared 1o U)I.

- 'Vaialbe ofllte 1Iluctuarinig axial velocit) ctttlpottell 1'-,

-via iattee of thilc HmCu;:rtng tt VC100r)' eoiyCOitpotient

-Spectr-a of' both velocity CoI11pon1ctmts.
*lcmigthsmales; I,( 1,. atnd J_( J:''t ldi-ced trout theC icttte l)ottd,te, s1Cett'.i

Me Measureuneni e2rrors

Fsttimt:1tCt to he ot [lie otdct of' tit percen~t flt t11k. iiteatn vehocitiecs aimd allotm a less petcectt lot- 11Cte urbulettce

.~ ~ ~ ~ .- ....... --



81

8. Available measurements

The results are disposed in four data sets corresponding to the nominal conditions indicated in Table I. All the
quantities are given in physical dimensions. Each data set has 8 columns corresponding to the following quantities:

- longitudinal position x ("I),

- local strain rate D (s-1), evaluated from D = aU/ax,
- local rotation rate S1 (s-1), evaluated from i2 = f2oU/Uo.

- axial mean velocity component U (m/s),

- variance of the fluctuating axial velocity component u"2 (M 2 /s 2 ).

- variance of the fluctuating transverse velocity component v- (m2 /s 2),

- trace of the Reynolds stress tensor q2 
(m

2
/S

2), evaluated from q2 = uZ + 2v;,

- dissipation rate c (m 2 /s 3 ), evaluated from f = -D(u 2 
- v 2) - ½U~dq2 /dz].

9. Size and present format of data

Small ASCII files.

10. Contact person

0. Leuchter
ONERA
8 rue des Vertugadins
F 92190 Meudon, France
e-mail: leuchter@onera.fr

11. Main references

LEUCHTER, 0. & DUPEUBLE, A. 1993 Rotating homogeneous turbulence subjected to axisymmetric contraction
Ninth Symposium on Turbulent Shear Flows, Kyoto.
LEUCHTER, 0. 1993 Turbulence homog6ne soumise a des effets couples de rotation et de ddformation plane ou
axisymdtrique Internal ONERA Report 15/114SAY.

LEUCHTER, 0. & BERTOGLIO. J.P. 1995 Non-linear spectral approach to rotating turbulence in the presence of
strain Tenth Symposium on Turbulent Shear Flows, The Pennsylvania State University.
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HOM14: Rotating Turbulence wvith Plane Strain

Leficlitelf; Benfoit & Cairion

1,Flow descriptioni

Homogeneous ttidbuletit flow ill solid-hody rotat ion with :i rotat ion rlte Q2 is subjected to) pl1.inc Strain will) a strainl
rate D) < Q (elliptical flow re ginie). The incazi flo w d simll on is definae d by 11w' Coil iioin g str ai n rate mnatrix:

O 0 0 )

0 I 1) + Qf 0

Where 1) anid Qf ale Cuinstailt The distortion is restrCictd to planes irorinal to the axial dircet ion, Eq.( I) is written inl
thfe labloratory coordinate systenm, in Which the experimienital results will he gts'cn. T1he laboratory framle is rottitcd
hs, -/.l with respecito1 (fth ploilcipal diteetiolos(i (lite plane strain. or0 which cq.( 1) reads.

/0 0I 0
() 1) _Q (2)
0I Q -I1) )

I uc lo thet Coiiditini f >' 1) tire basic Ilo%% becomcs. periodic aind the turbulenice paraineters exhibit tindtilating

ii illilre'

SI.lid N111 11,111 1o1,r is rIL.1itd 11 irmcarrm ol a iot:rti rmg duct of 01.3 ofi dianiiere equ ipped Wilit a1 filen-mcsli l~oncycomlb
.11, . el tillrtiw IM t'ereao III L'jCI7I I 15 1:o1 orelrt, %11e. 'tedisto itint' duct Cas ;liptical Cro%% Sc~tions 01f Constant

JIrca .and X-lrorthr'.1a1t sai~virmp eckvcliwtvtl irly ord (iclitairomil ol [lie mnain axes. [or an axial veclocity oif 101 in/s mid fit

t! - 211) - 211r. a1 stholt. petmd ohf flowt mx coiiiipctvd with ai lulrif1ih of 1.16 Illn

3~ Orighiall skvilcm

Convergent Rotating duct Distorinig duct

Hoaneycomb Grid (a)alscto x

4. Flow char-acturisfics

'The hlow is initially ill solrd-bodiv rotationi andh Ole wturbulence is hoinirlpeneouit. Accordine to eq.( I. thie axial veloc-
ity remvains constant dtiring tlie distorltion amid transverse lioriiopecrict is conlserved in thle central pittL oi the du1ct.
The rliiiial axial velocity is 0 11t1/is. I[lie specific leaitiire ar-C tiC uidt~l(11;ItiirVi' 'riatiiolrntIf Iitt t IHe nSiuttp pa1-
raineters, Coinfirmned by slrecrtial modelling. Classical Reynolds stress;L m1ode s do not predict coffrectly ithis behaviour.
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5. Flow parameters

" Axial velocity: 10 n/.s,

" Strain rate: D = 31.4 s'-
"* Rotation rate: 2 = 62.4 s-.

6. Inflow conditions

"Nominal" initial conditions (at x = 0 and for U 10 oi/s) are:

" kinetic energy; q'2/2 - 0.269 IL/s3
2

* anisotropy: (i; _ ½(o + w ))/= 2 0.125,

"* dissipation rate: c = 16.2 7'f2 /s 3
,

"* longitudinal integral lIngthscale: L,, = 6.8 x 10-3 Ttm,

"* transverse integral lengthscale: L•, 3.2 x 10--3 m,

"* Thylor microscale: A = 5q/r - 1.6 X 10-3 in,
" KolmogoroV lengthIScl - 1/4

* r Cgcle: 71 = (1,3/e) 0.12 x lU"- m.

"* nlicroscale Reynolds niumnber: Re,,• V/ A/,,v = 4.5.

The initial section x = 0 is located 0.25 mn downstream of the turbulence grid.

7. Measured data

(a) Measurement procedure
Hot-wire methods using DISA (DANTEC) anemometers 55M01 and crossed-wire probes of type P61. Digital
data processing of 100 x 2048 simultaneous samples for both velocity components. Four angular positionns of
the probe are considered to resolve thie four non-zero Reynolds-stliess components.
The mleasurements are made in 22 positions on the axis of the duct between the longitudinal positions x -I
and x = L = .16 Im.

(h) Measured quantities

- axial mnean vyelcity component U,
- transverse nmean velocity componeols V and I'V (negligible coompared to [U),

- Reynolds stresses 7d, V2' .11, 1).Ui.

- specIra or the three velocity components.
- lengthscales L,,( Li l.A. L.,(= L 22 . ) and L,(= Lsai ), deduced irom the correspondint. spectra.

(c) Measurement errors
Estimated to be of the order o' one percent for the mean velocities and about a few percent for the tu rhulc lce
quantities.

8. Available measurements

The results ate disposed in a table of I I columns corireslpding to the followviorg quantities:

longitudinal position r- (in),
relative poisition ( - x/L,

axial mean velocity comlponcnt U (11!/s),

Reynolds stresses IV2, o', ,:2. T' (r /s2•),

dissipaltion mate ('/I ,evaluatcd from r c -2D) T. - 1½ [dq' /dx],

lengthscalcs L, (-= LI.,), L,.(= L2,1) and Lu(- L3 :,1 ) (m).

9. Size and present format of data

Small ASCII file.

10. Contact person

0, leuchter
ONERA
8 ruc dics Veilug'alins
1: 92190 Mcudoii, lFance
-itail: leuchter(vonera.lr
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11. Main references

LEUCIITER, 0. & BENOIT. J.P. 199) Study of coupled cffccts (f plane strain and rotation on homnogeneous turbu-

lence Eighth Symposium on Turbut!enu Shear Flows, Munich.

LEUCHTER, 0., BENOIT, J.P. & CAMBON, C. 1992 Homogcncous turbulcncc. suhjcctcd to rotation-dominated

r' ne distortion Aourth European Turbulence Conference. Delft.

LEUCHTER, 0. 1993 Turbulcnce homog~nc soumise a dcs cffcs couph~s dc rotation el de dfformation plane ou

axisym6triquc Internal ONERA Report 15/1145A Y.
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HOM20: Transversely Sheared Flow

Leuchter et al.

1. Flow description

Homogeneous transverse shear is created by the superposition of solid-body rotation at rate Q? and plane strain at rate

D, with D = Q, resulting in a uniform shear flow at rate S = D + f2 in planes perpendicular to the flow direction:

-(-' ) = D + Q=s ()

Satisfactory homogeneity conditions are thus achieved.

2. Geometry

Solid-body rotation is created by means of a rotating duct of 0.3 m diameter equipped with a fine-mesh honeycomb

and a grid turbulence generator of 1.5 cm mesh size. The distorting duct has elliptical e:ross sections of constant
area with continuously increasing eccentricity and varying orientation of [he main axes. be maximum value of the

aspect ratio alb of the elliptical section is 6.92 in the exit plane of the duct. corresponding to a non-dimensional tmie

St of 2.25. The length of the distorting duct is L " 0.66 m.

3. Original sketch

Convargent Rotating duct Distorting duct

I r--L

,11 " 2 3

Honeycomb Grid initial section ( ,o)

4. Flow characterstics

The flow is initially in solid-body rotation and the turbulence is homogeneous. The axial velocity remains constant
during the straining process and transverse homogeneity is conserved in the central part of the Ilow. The turbulence

becomes progressively anisotropic under the effect of shear; the growing of the transverse shear s;tress corrclation

coefficicnt is very similar to that observed in flows with longitudinal shell.

5. Flow parameters

* Axial velocity: 10 rv/s.

* Strain rate: D = 17 tj 1,

* Rotation rate: Q- = 17 s

* Shear rate: S - 3.1 s-.

6. lnfaw conditions

'Nomiinal' initial conditions (at a- (1 and for U 10 n/is) are:
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"~ kinetic enerpy: q2/2 = 0.2632 III
2

/S
2

,

"* an isotropy: (Wi2 - ~(z-)' + o)/q2 = 0. 159,
"* dissipation rate: c =16.2 m2 /33,
"* longitudinal integral Iengthseale: Lý = 6.6 x 10-3 71,

"* transverse integral lenigthscale: L,. 2.7 x 10 in

"* Tasylor iciroscale: A = VSwi-q 2/c 1.56 x 10-1 m,

"* Kolinogorov lcigthscalc: ij = (v;3A) i//1 = 0.12 x 10- - in,

"* mieroscale Reynolds numher: Rt ) = V42/,3A/,, 43.5.

The ini-ial section x: = 0 is located 0.25 un downstr-cam of the turbulene grid,

7. Measured data

(a) Measuirement procedure
1-lt-wire mnethods using DISA (DANTEC) anemionieters 55N401 and crossed-wire prohcs of type PO 1. Digital
data processing of'100 x 20,18 simultaneous samlples for both velocity coniponents, Four angular positions of
the probe are considered to resolve thc four non-zero Reynolds-stress cnninponcnls. Four-wirc probes were also
used.
The mecasurements are mnade in 13 equidistant positions on the axis ofithe duet between the initial section -x 0
and thc exit section j: = L 0.66 in.

(b') Measured quantities

-axial mecan velocity comiponient U,
-transverse miean velocity comiponenits V nd] 11' (negligeable comipared to U),
-Reynolds stresses 172, )2IfVjZ,

-spectra of the three velocity cornponeotls,
-lcngthscales L,,(= Li i~) [,,(= L2'2.1 ) and L3.( L3.1), deduced from the corresponding spectra.

(c) Measurement errors Estimnated to he of* the order of one percent for the nican velocities and ahout a few
percent for the turbulence quantities.

8. Available ineasuteinents

The results are disposed ill a (able witl I I colunoos coiresponding lo the following qunanit ites

-longitud inal positionu- (in),
- oon-dhue asi onal timec St.

*axial mecan velocity comlponent U (?n /s),

-Reynolds stresses izP, Z)2.a' 2, UTi (io2 /SI).
*dissipation rates cm/i) evaluated fromn c -St'ii -- 2' [dq2/d-r].
-lengilixcales L,,(= L, I. ) L,.(= L-. 1 ) and I,,.(= L3~.. ) (mi).

9. Size and present format of datai

Smnall ASCII file.

10. Contact Pei-sonl

0. L~eochter
ONERA
8 rue des Veitugadins
F 92190 Meudcon. France
e-miail: leuchtei~onera.fr

HI. Main] references

MOULIN. V.. LCUCtITER, 0. & GEt'ttso, 1). 1989 1-sperimntcnal study of homnogneous tuibulence ini the presenec.
of transverse shear Seventgh S vinposiuuii on Fl /ik'i h ows S-o .. tanfhird.

L.EUCttTtE. 0. & GUtTRoY, P. 1 989 Etud.- exp6rinicfoalc dc la turbulence hoomog~nceni rotaton ct d6f'innation
!olernal ONErlA Re '1ort 12111 45A)Y.

LEtUClTntR, 0., BEINOIT, MP , BESIxwI OH. J. P. & MIA-tto J. 1990 Experimiental and theoretical investigation
oif a homogeneous turbulent she ar flowv Thi~rd Liopcoii Turiulenicc Cot ifercte~i. Stockhlol a.

1,E UCt tTER, 0., B tNO IT.' 3.1P. & GEtt VttC Y, P. 1 991 I 2u1I hol)nc 1TIsiOrsrne en rotat io n son misc ?tý des effets (IC
(IC (ilillation. Catý pfl i culici du eisa ii ci:cati nenain (.)ERA Repori 3I115 '
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HOM21: Uniformly Sheared Flow

Tavoularis & Corrsin

I. Description of the flow

Uniformly sheared turbulent flow, with near transverse homogeneity and with stresses growing exponentially down-
stream.

2. Geometry

The mean shear was produced by a shear-turbulence generator, consisting of a set of ten parallel channels, cach
having a mean speed adjusted by means of a different set of screens posing resistance to the flow, Circular rods
positioned across the exit of each channel produced a relatively high initial turbulence level and could also be heated
electrically for the generation of a temperature field. The same set of channels acted as a flow separator, enforcing
an initial uniformity of length scales, comparable to the channel height.

3. Original sketch

sercen

slols Paraltel
plates

rod q

4. Flow characteristics

The side walls of the nearly square test section were slightly diverging to produce a nearly constant mean pressure
throughout the test section. Following an initial development length, in which the initial turbulence decayed, a fully
developed, quasi-self-similar region was established. In this region, mean shear was, by far, the main production
mechanism and the turbulence attained a reasonable transverse homogeneity and reached constant asymptotic values
of the Reynolds stress anisotropics and the production-to-dissipation ratio. All Reynolds stresses and the turbulence
kinetic energy grew at the same exponential rates.

5. Felow pairaineiers

Initial channel spacing, M" = 30.8mm. Test section height. It = 305mrnt. Centrelinc mean speed. U, = 12.4msr
Mean shecar',/ 2 = 46.8s'.

6. Inflow and outflow boundary and initial conditiohis

Because the turbulence at the exit of the shear generator was not produced by the mean shear, and, therefore, had an
irrelevant structure, one should avoid using measurements too close to the origin (e.g. for xi/h < 4 5).

7. Measurements

(a) Measurement procedures
All measurements were taken with standard, single- and cross-wire, hot wire anemometers. Auto-correlations
were based on Taylor's frozen flow approximation and two-point correlations were measured by traversing two
probes with a precision device.
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(b) Measured quantities Means, Reynolds stresses. triple and fourth-order moments, auto-correlations and two-
point correlations, space-time correlations, integral length scales in different directions. Taylor microscalcs,

frequency spectra of the strcamwise and transverse velocities and the shear !.trcss, and single-point pdf and
joint pdf.

(c) Measurement errors

Estimated uncertainty (95(/f confidence level) is 2%l( for the mean velocity. 5 ,, for the mean shear. 4% for the

normal turbulent strcss and 8% for the other stresses.

8. Available variables

Normal and shear Reynolds stresses, integral length scales and Taylor microscales along the tunnel centreline have

been tabulated vs. downstream distance. Two-point correlations vs. separation distance.

9. Storage size required and present format of the data

Small ASCII files.

10. Contact person

Professor Stavros Tavoularis
Department of Mechanical Engineering, tJnivcrsi!y of Otlawa
Ottawa, Ontario, Canada KIN 6N5
tel/fax: (613) 562 5800 ext. 6271

c-mail: tav@eng.uottawa.ca

1I. Main references

"TAvOULARIS, S. & CORRSIN, S. 1981a Experimcnts in a nearly homogeneous shear flow with a uniform mean

temperature gradient. Part I J. Flhid Alech. 104, 311-347.

TAVOULARIS, S. & CORRIBN, S. 1981b Experiments in a nearly homegeneous shear flow with a uniform mean

temperature gradient. Part 2. The tine structure J. Fluid Mech. 104, 3494-367.
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HOM22: Uniformly Sheared Flow

Tavoularis, Karnik & Ferchichi

I. Description of the flow

Uniformly sheared turbulent flow, with near transverse homogeneity and with stresses growing exponentially down-
stream.

2. Geometry

The mean shear was produced by a shear generator, posing variable resistance to the flow. A flow separator, consist-
ing of a set of parallel channels, enforced an initial uniformity of length scales, comparable to the channel height,
A1. When desired, the mean shear magnitude was reduced by the insertion of one or more uniform grids or screens
in the flow development region.

3. Original sketch

Shear Flow Screen
generator separator insertion slots

S: h=305

15 - 607- 305 4 5 7-ý 610A B C D

Contraction

4. Flow characteristics

Following an initial development region, the turbulence attained a reasonable transverse homogeneity and reached
asymptotic values of the Reynolds stress anisotropies. All Reynolds stresses grew at the same exponential rates.

5. Flow parameters

Inmitial channel spacing, A-1 =25.4 amm. Cross section heit, h =305 mm (all references). Centerline mean speed:
U-_ = 13.0 rn/s (Tavoularis & Karnik 1989, TK89); U-, =8.9 ni/s (Ferchichi & Tavoularis 1997, F1'97.) Shear rate:
maximum 84.0 n/s., reduced by the insertion of grid(s) or by lowering the tunnel speed (TK89); 63.5 ia/s (FF'97).

6. Inflow and outflow boundary and initial conditions

Because the turbulence at the exit of the shear generator was not produced by the mean shear, and, therefore, had an
irrelevant structure, one should avoid using measurements too close to the origin (e.g. for r: /h < 4.5).

7. Measurements

(a) Measurement procedures

All measurements taken with standard single- and cross-wire, hot-wire anemometers.

(b) Measured quantities

Means. Reynolds stresses, integral length scales and Taylor microscales (TK89, Holloway & Tavoularis 1992).
Pdf of streamwise and transverse velocity differences (FF97). Energy spectra (Holloway & lavoularis 1993.)
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(c) Measurement errors
Estimated uncertainty (95%X confidence lecel) is 2;( for thle mecan velocity. 51X for thc mecan shicar. 4"/( for tile
normial turbulent stress and Ml% for the other strcsses.

8. Available variables

From Ref. 5: Reynolds stresses and intcgral lengthl scales along thle centreline vs. streamrwise distance for four
different inean shear rates.

From Ref. 1: Prohability density functions of strearmwise ant! transverse velocity differences (A~n I (.ri ), Aii-2 (xi )
At 1 (a!2)) at a position with x, /6 = 7.83, whecre F,7 =8.9 tn/s, Wl ý-0.724 ni/s. X 4.6 mmn, L =30 inron.
Re,\ 212 and y = 0.16 mmn. Energy spectrumn of thle strarmwise velocity.

9. Storage size required and present format of the data

Sniall ASCII files.

10. Contact person

Professor Stavros 1 avoutaris
Departmient of Mechanical Engineering, University of Otmawa
Oitawa, Ontario, Canada K IN 6N5
tel/fax: (613) 562 5800 ext. 6271
e-miail: tav@ctmg.uottawa.ea

11. Main references

FERcittcii, M. & TAvoULARtS, S. 1997 Unpublished meiasuremnents.

HOLLOWAY, A.GL. & TAVOULARtS, S. 1992 The effects of curvature on sheared turbulence J. Fluid Mecli. 237, 569-
603.

H-OLLOWAY, A.GL. & TAVOULARIS, S. 1993 Scaling and Structure of Turbulent Eddies in Curved Sheared Flows
Turbulent Shear FlOWN 8, F. Durst et al (editors-), 383-401, Spr-inger.

KARNIK, U. & TAVOnUAtItS, S. 1987 Generation and manipulation of uniformn shear with thie use of' screens Expel:
F~luids 5, 247-254.

TAVOULAI.tS, S. & KARNIK . U. 1989 Furthecr cxlleritllents oin the ev'olution (if turbulent stresses and scales in uniformily
sheared turbulence]J. Fluid Alec/i. 204, 457-479.
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HOM23: Homogeneous Shear Flow

Rogers & Moin

1 Description of the flow

Incompressible homogeneous turbulent shear flow. Passive scalar evolution in the presence of a mean scalar gradient
also included.

2. Geometry

Fully periodic domain, with computational grid following the mean shear between remeshings. Orthogonal grid at
multiples of St = 2, where S = OU/Oy is the mean shear rate and t is time.

3. Original sketch: Not applicable.

4. Flow characteristics

Homogeneous turbulence with no irrotational interfaces or walls. Size of large-scale eddies determined by initial
energy spectrum.

5. Flow parameters

Six 128 x 128 x 128 simulations containing four different hydrodynamic fields and two additional cases with scalars
of different Schmidt numbers. Box size 9.97 x 4.99 x 4.99.

C128R C128S C128U C128W C128X
Mean shear rate S 28.284 28.284 28.284 56.568 14.142
Kinematic viscosity 0.010 0.010 0.010 0.020 0.005
Schmidt number Sc 1.0 0.2 0.7 2.0 0.7
Mean scalar gradient 2.5 2.5 2.5 2.5 2.5
St 16 16 16 28 14

Once the llow. reach (hfe developed state, Sq'/l ranges from about 10 to 15. q'/(cu) ranges from about 500 to 2000,
and the microscale Reynolds number 'Ai 1v ranges from about 70 to 100.

6. Numerical methods and resolution: Spectral numerical scheme as in (RogUll) 1981), on a 1283 collocation grid.
The grid is distorted by the shear, and is periodically re-interpolated to orthogonal (at SAt = 2).

7. Boundary and initial conditions

Periodic boundary conditions in all three coordinate directions. Initial top-hat energy and scalar spectrum over
wavenumbcrs 16 < k < 32.

8. Averaging procedures and resulting uncertainties:

Statistics post-processed using the same spectral basis futnctions used to advance the Navier-Stokes equations in
time. Statistics are comnoiled over individual data lields, and uncertainties arc correspondingly high.

9. Available variables

Time history of single-point second-order velocity statistics, integral length scales, and dissipation,
Short-range two-point correlation tensor, up to AN,. = AN, = AN: = 16 for iv, u'2 , v' 2, wý'2 , c', PT)', T", at
all times with orthogonal grids, for each case.

10. Storage size required and present format of the data

About 46 Mb of IEEE single precision floating point data, plus short ASCII files.

11. Contact person

Dr. M.M. Rogers
NASA Ames Research Centre, Moffett Field, Ca. 94035, USA.
E-mail: nt'ogcrs@nas.nasa.gov
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12. Main references

ROGALLO, R.S. 1981 Numcrical experimcnte in homogencoLS turhulence. NASA T,ch. Memo. 81315.

RoGERn., M.M., MOIN, P. & REYNOI.DS, W.C. 1986 The Structure and Modelling of the Hydrodynamic and
Passive Scalar Ficlds in Homogcncous Turbulent Shear Flow. Dept. Mcch. Eng. RLport No. TF-25. Stanford
University, Stanford, California,

RocERRn, M. M. & MOIN, P. 1987 -oe structuic of (the vorticity field in homogeneous turbulent flows .1 Fluid Mcch.
176, 33-66.

ROGERs, M.M., MANSOUI,. N.N. & REYNOLDS, W.C. 1989 An algebraic model for thc turbulcnt flux of a
passive scalar J. Flm.d Mcch. 203, 77-101.
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HOM24: Homogeneous Shear Flow

Sarkar

1. Description of the flow:

Uniform shear flow (DNS).

2. Geometry:

Triply periodic mesh, plus shear. Nondimensional length of the computational domain is 27r in each direction. This
length is 'much' larger than the integral length scale and ideally does not determine the evolution of the statistics.

3. Original sketch: Not applicable.

4. Flow characteristics:

A uniform mean shear, S = dUldy, is imposed on an initial isotropic perturbation field u. The evolution of the flow
field as a function of nondimensional time, St, is of interest. The flow is nonlinearly unstable and the asymptotic
state is exponential growth of turbulent kinetic energy, K, and turbulent dissipation rate, E. It should be noted
that, since, R,\ and the integral length scales increase with time in uniformly sheared flow, the simulation has to be
eventually stopped when tile resolution of large or small scales becomes inadequate.

5. Flow parameters

For a given initial spectral shape of the isotropic velocity perturbations. the subsequent evolution of the flow as
a function of nondimensional time St depends ott the initial values of shear number SK/c and the microscale
Reynolds number R,\ = uA/v. Here, u is the rnm.s. of a velocity component and A is defined by f: 15=Iv2/,\ 2 .
The initial values of the parameters are SK/r = 2.6, R,\ = 24.3.

6. Numerical method and resolution:

The incompressible Navier-Stokes equations are simulated in a frame moving with the mean velocity as in Ro-
gallo (1981). Renmeshing is performed at regular intervals to minimize errors due to the skewed grid coordinates.
Fourier collocation is used to compute spatial derivatives and a third-order, RUnge-Kutta method is used for time
advancement.

Volune averagcs and spectra were obtained at integral St when the computational grid is orthogonal. The computa-
tional domain is a cube of size 2-r with a 1283 spatial grid.

7. Boundary and initial conditions

Periodic boundary conditions in a frame moving with the mean velocity. Initial velocity perturbations are isotropic
with an energy spectrum, E(k) oc k' exp(-2k2 /k•,), with k... = 18.

8. Averaging procedures and resulting uncertainties

Statistics are compiled during the run for individual flow lields.

9. Available variables

Time history of single-point second-order velocity statistics, integral length scales, and dissipation.

Short-range correlations for uT, F- , u1. vý'41, and Yp'i that span a cube of side 16 points, at St 7, 11 and
15.

Three-dimensional energy spectra at times St = 0, 3 (2) 15.

10. Storage size required and present format of the data

Approximately 2 MB of binary, plus short ASCII statistics.

11. Contact person

Sutanu Sarkar
Department of AMIUiS, 041 1, 9500 Gilman Drive
University of Califo nia at San Diego
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La Jolla. CA 920,93

Entail: saikar@miric~s.ucsd~cdu
Tel: (61 9)-534-9243 Fax: (619)-534-7599

12. Main refreinces

SARKAJR, S. 1995 The Stabiliziing Elfeet of Compressibility iii Turbulent Shear Flow J. hfluid Afcch., 282. 163-! 86.

SARKAR, S., ERLFBIAGIER, G. & HUSSAINI, M.Y. 1991 Direct Simiulation of Compressible Turlhulcnce iiia Shear
Flow T/icor. Corntput. PFluid Dvononics. 2. 291 -305.
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HOM25: Homogeneous Shear Flow (High Shear)

Lee, Kim & Moin

1. Description: Homogeneous turb.'eent shear flow, at high shear rates.

2. Flow geometry: Uniform shear flow with linear mean velocity profile.

3. Original sketch: Not applicable.

4. Flow characteristics

The flow is subject to high shear rate (S* = Sq 2/( ;-, 35, where S = dU/dy is the shear rate, q' is twice the
turbulent kinetic energy and c is the dissipation rate of q'2 /2) and the streaky structures similar to those found in the
sublayer (y' < 10) of wall-bounded flows (where S' z 35) develop at around St = 8 and beyond, indicating that
the (dimensioniess) shear rate is the controlling parameter that determines the organized structures in turbulent shear
flows. Comparison of turbulence statistics with channel flow also shows remarkable similarity.

5. Flow parameters

Mean flow has uniform shear (and hence linear velocity profile, U = Sy). The turbulence Reynolds number
Re-r = q 4 /(i'c) ranged from 300-2400 for St = 0-16 and the Reynolds number RcA q=/v based on the

longitudinal Taylor microscale A = ( . ianged from 40 to 400.

6. Numerical methods and resolution

Pseudo-spectral method was used to solve the Navier-Stok-es equations with 512 x 128 x 128 Fourier modes in the
(x, V, z)-directions. Time-marching was done with the second-order Runge-Kutta method. Alias removal is carried
out by combination of phasc shift and truncation. (Rogallo 1981). Grid spacing was uniform in all three directions:
A 4(,,S)'/".

7. Boundary and initial conditions

Computational domain: (B., By, !1z) = (87r, 2-r, 27r), periodic in all three directions

The initial condition for the present data set was obtained by an isotropic-decay run which gave an isotropic field
with realistic statistics including velocity-derivativc sk,!wncss S,, -& -0.47.

8. Averaging procedures and resulting uncertainties

Averaged iL: done over individual fields.

9. Available variables

Time histrics of one-point statistics: Rij, dRij /d,, Reynolds-stress transport budget terms (Pij, TiO, D1j), integral
length scales, Taylor microscales, as well equivalen, quantiries for the vorticity.

10. Storage size required and file format: Short ASCII file.

I. Contact person

Moon J. Lee
Department of Mechanical Engineering, Pohang University of Science and Technology
Hyoja-dotg San 31, Pohang 790-784, Korea

E-mail: injlee(qlvision.postech.ac.kr

Phone: 82-562-279-2178
FAX: 82-562-279-5567 or 3199

12. Main references

LEE. MA., KiM, J. & MOIN, 1. 1990 Structure olturbulence at high shear rate, J. Fluid Mech. 216. 5(1-583.
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HOM26: Uniformly Sheared Flow with Streamwise Plane Strain

Sreenivasan

1. Description of the flow

Uniformly sheared turbulence was lot to develop to an a-symptotic stale and then passed through a two-dimensional
contraction, perpendicular to thc mean shear.

2. Geometry

The flow was generated by the usual mcans of a shear gencrator/flow separatot device, with a uniform channel
spacing. essentially the sam- as the Harris, Graham and Corrsin (1977) and the Tavoularis and Corrsin (1981) setup
(see case HOM21). The wind tunnel height. h, in the direction of mean shear, was kept constant throighoul the
experiment. The contractions were made of polished wood and inserted symmetrically at a position 7.6h dowistreaam
of the shear generater, where tie sheared turbulence had reached its asymptotic structurc. Two contractions, denoted
as a and b, were used, with final contraction ratios equal to 1.4 and 2.6, respectively.

3. Original sketch

Shear fio€
gsncrator

I plan

= I • --

Contractionr (w [ Colro- W
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IL 119

_ _ _7i
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4. Flow characteristics

The additional losses due to the contraction caused a decrease in the upstream centrelinc mean speed and mean
shear, compared to those in the undisturbed shear flow; these decreases were stronger for the larger contraction
ratio. Thrcugh the contraction, the centreline mean speed increased monotonically, while the mean shear decreased
maonotonically, while remaining approximately uniform on the transverse plane. The turbulence also remained
approximately transversely homogeneous.

5. Flow parameters

Tie important parameter characterizing the effects of contraction is the ratio of the mean strain rates in the transverse
and streamnwisc directions. This ratio was approximately 0.12 for case a and 1 for case b. The turbulence structure
is characterized by the structural parameters K, = -U-u2i/Ui , /u , = (Ut• 2 - U•T

2 )/(oi 2 + 1,22) and K,
(ul2 

- u-3-)/(u, 2 + U3'2), following Townsend's (1954) notation.

6. Inflow and outflow boundary and initial conditions

At the entrance to the contraction, the mean centreline velocity was U, = 10.86ns- 1 (a), or 10.31ns-1 (b); the
mean shear was (dUl /dX.)_ = 39s-1 (a), or 36s-I (b).

7. Measurements

(a) Measurement procedures

Cross-wire anemometry was used for the measurements.

(b) Measured quantities
Mean velocity profiles and the dominant Reynolds stresses were measured at different downstream stations,
upstream and through the contractions. These results were used to compute the evolutions of the structural
parameters and other dimensionless groups. Some inconsistencies have been noticed in the published plots of
the shear stress. It would be better to disregard Figure 5 of the paper.

(c) Measurement errors
Estimated uncertainty (95% confidence level) is 2% for the mean velocity, 5% for the mean shear, 4% for the
normal turbulent stress and 8% for the other stresses.

8. Available variables

Centreline evolution of the mean velocity, the mean shear and the Reynolds stresses for cases a and b.

9. Storage size required and present format of the data

Small ASCII files.

10. Contact person

Professor K.R. Sreenivasan
Deoartment of Mechanical Engineering, Yale Univcrsity
New Haven, Conn. 06520, USA
tel: (203) 432 4345
fax: (203) 432 7654
e-mail: krsC@kolnogorov.eng.yale.edu

11. Main reference

SREENIVASAN. K.R. 1985 The effect of contraction on a homogeneous turbulent shear flow J. Fluid Mech. 154,
187-213.
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H0M27: Uniformly Sheared Flow with Uniform Curvature

Holloway & Tavoularis

1. Descriptioni of the flow

Uniformly sheared turbulence was lei to develop to an asymptotic. quasi-self-siinliar state in a rectilinear section
and then passed through a curved section with a uniform curvature onl tilc same plane is the mecan velocity gradient.

2. Geometry

The flow was generated by a shear gecnrator/flow separator. with a uniform channel spacing, Mf = 25.4 711n, ats
in thc Tavoularis and Kurnik ( 1989) setup. Thle curved section was inserted at a position 10.5h,~ downstream of
the shear generator. Whcn desired. the mecan shear was rcduccd by the insertiont of uniform grids upstream of tile
curved section. Two curved sections with dif~fercnt radii of curvature and several mecan shear valucs; were used in
these experiments. The relative orientation of cursi-ure with respect to the mecan shear direction could be reversed
by inverting the shear generator.

3. Original sketch

AllI dimensions aisr in meters.

4. Flow characteristics

Thle boundary layers were essentially, remnoved at the entrance to the curved section, where the rectilinear shear flow
had developed to its asymiptotic. self-simlilar state. at least for the high shear cases. Thle wind tunnecl width was
gradually increasced in the curved section, to partly compensate for boundary layer growth. Reasonable unlliformnity
of tbie mecan shear and transverse homiogenecity of the turhulencec were observed in all cases. The curvature enhanced]
or suppressed the turbulence kinetic energy and shear stress, compared to those in retIilincar shear flow subjected
to thie samie total strain, depending onl whether thc ciMnCIafoe parant111CIrc S = (LUjJ?,)/(dU/d7?) Was negative
("'destabili zed flow"', an alognus to a boundary layer over a conceave wall) or positive ('stathit izedL flow", analogous to
a boundary layer over a convex wall).

5. Flow parameters

Thle upstream, straight section had a height of' h,= 303 miin and a length oif 3.2 ni. The curved sections had a
height of 240) nin and centrelinc radii of curvature, R?, either 5 in (mild curvature I or 2 in (strong curvature). Ten
different combinations of mecan shear and radius of c ursýaturc wvcrc generated, grouped in two sets of five cases each,
according to the sign of the Cur vature palrameter S. Thu evolution of the various paramieter is preCsented if) iconIS of
the iotal sirain r - T (s/U,)/(dU/rln), where .s is the aistane along the centrcline of the curved section, andI 'r,,
is the total stra in in the st ra ighi section, mecasured firom the position of insert ion of thle last screen.



6. Inflow and outflow 'bou- 'ry and initial conditions

The values of the ditferen, turbulent paranictci s upstrecam of the curved section arc specified in the data files (r ,r,, <
0).

7, Measurements

(a) Measurement procedures
Single- and cross-wire, hot-wire anemnometry was used for all measurements.

(b) Measured quantities
Reynolds stresses, integral length scales and Taylor mnicroscales along the centreline vs. streaznwise distance
for different mean shear rates and relative orientations of the mecan slicar and curvature.

(c) Measurement errors
Estimated uncertainty (95% confidence level) is 2% for the mecan velocity, 5% for the nican shear, 4% for the
normial turbulent stress and 8% for the other stresses.

8. Available variables

Turbulene kinetic cnergy, Reynolds stress auisotropics, integral length scales and Taylor inicroscales along the
centreline vs, the total strain, 7- - r,,, for- different values of the curvature paramieter, S.

9, Storage size required and present format of the data

Small ASCII files.

10. Contact person

Professor Stavros Tavoularis
Deportment of Mechanical Engineering. University of Ottawa
Ottawa, Ontario, Canada K IN 6N5
tel/fax: (613) 562 5800 ext. 6271
e-mail: tav~cng~uEuttawa~ea

11. Main references

HOLLOWAY, AOGL. & TAvOULARIS, S. 1992 The effects of curvature on sheared turbulence, J. Fluid Mech.237,
569-603.

HOLLOWAY, A.GL. & TAvOULARIS, S. 1993 Scaling and Structure of lurbulent Eddies in Curved Sheared Flows
Turbulent Shtear Flows 8 ,F. Durst el al (editors), 383-40l, Springer.
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H0M28: Uniformliy Sheared Flow with S-Shaped Curvature

ChLabbi, 1-follow.ay & Tai'oularis

I1. Description of' the filow

U~niforimly sheared turbuilencee wits Ict to dlevelop to an asymptotic, quasi-self-simtilair state in a rectuilincar sect ior
and then passed through an S-shaped curved scction with curvature on the sanme plane a% the Mean velocity gradient,
at the end of which it relaxed in a final straight section. The specific aimo of these cioperitncnts was to determine the
rate at which thc turbulence Structure adIjusts to sudden change-; in curvatuire.

2. Geometry

'[lie flow was, generated by a Ohcar gcnerator/flow separator device, with a uniform channel spacing. similar to thle
Tavoularis and Karnlik (1989J) setup. The upstream., straight section had a height ofhi = 303 nin and a length of
3.19 mr. The curved sections had a height of 2.10 mino andl ce~ntreline radii of curvature. R,. = 3.5 m. The relative
orientation of curvature with respect to the miean shear direction could be reverse;d by inverting thie shear generator.

3. Original sketchi

All dimensions arc itt oTto

4. Flow chiaracteristics

The boundary Ilayers were essenit ially removed t; the cettraitcc to the eu Lived sect tion, where the rectiliinear shear flow
had developed to its aisymoptotic, seilf-simil iar. TIhe wind tunnel width was gradually i terensed itt thet curN~ed section,
to partly comipensate fotr bou ndary layer grow th. '[he curved seectio(n was inise rte eI ar crnouglt down st rcamu of- thie
shear genecrator for the turbolncne to approach its asymiptotic. self'-simin iar strutctir, with netiely constant Reynolds
stress anisnt ropie s and ex ponenittiallIy grow.intg stresses. Reasonable Lnitformitiy of [ie me at shear and transverse
lIoinoveneity of' thie tu1rhitleitee were observed iii all cases. except in the final straight section, where the. bountdatry
layers appear to be inflluencing the core flow. The curvature crnhanced or suppressed thte tuthiblectce kitteti. eniergy
and shear stress, comtpared to thiose in rectil Iitear shear fltow subijected to thle saute totwl trndcpentding ofi) whether
the ctirvatttrp paraopneler S = (b',/R,.)/(d(I/duu) was negative (destabilimcd flow'. anal tgotis Io a boundary layer.
over a cotncave watll) oti positive ('*%tabi Ii ,d flow", atta logo us to a boundary Itte r Over a cotn vex wall).

5. Flow parameters

The incominiig flow ilto the curved scctiotl had a cutrvafture flmariteter . ý ±t0.05. depentding ton the ricoieltititi (If
the shear geit cmior. The evoluin of it(the vari ttt parametier is presenlt ed in te ruts oft fte (littlesi oin less distance .Sl/h,
whtere *s is tlte distancec alIongp tte cc Ittre IIl teOf the0 CLA( t lsect i ol. Some results atre pre senittedt Vs. tile total st liii

A7 (msU )/dfdu) iasured fiomt the latest position of cur vatmue claivetC.
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6. Inflow and outflow boundary and initial conditions

The values of the different turbulent parameters at the entrance of the curved section are specified in the data filcs.

7. Measurements

(a) Measurement procedures
Single- and cross-wire, hot-wire anemometry was used for all measurements.

(b) Measured quantities
Reynolds stresses, integral length scales and Taylor microscales along the centreline vs. streamwise distance
for the two initial relative orientations of the mean shear and curvature.

(c) Measurement errors
Estimated uncertainty (95% confidence level) is 2% for the mean velocity, 5% for the mean sliear, 4% for the
normal turbulent stress and 8% fur the other stresses.

8. Available variables

Turbulence kinetic energy, Reynolds stress anisotropies, integral length scales and Taylor mieroscales along the
centreline vs. s/h, for the two initial relative orientations of the mean shear and curvature.

9. Storage size required and present format of the data

Relatively small ASCII files.

10. Contact person
Professor Stavros Tavoularis
Department of Mechanical Engineering, University of Ottawa
Ottawa, Ontario, Canada KIN 6N5
tel/fax: (613) 562 5800 ext. 6271
/e-mail: tavr@cng.uottawa.ca

1. Main references

CItEB1it, B., HOL.LOWAY, A.G.L, & TAVOIULARIS, S. 1997 The response of sheared turbulence to changes in
curvature J. Fluid Mech. (to appear).

-
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Data Sheets for:
Chapter 4.-Shock-wave/ grid-turbulence inter-
action
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SHWOO: Homogeneous Turbulence Interacting with a Normal Shock

Jacquin, Blin & Geifroy

I Description of the. flow: Grid-gcnerated homogencous turbulence in supersonic flow inter acts with a nornmal shock-
wave. 'The gr id is located at the entrance of a supersonic wind tunnel of nuarly conlstant ciross sccitivin and C(7n-ttitaes
the sonic thr oat of the tuninel. The position of the shock-wave is controlled by a second throat at tlie downstreamn end
of the tunnel and by boundary-layer suction at the channel wall.

2. Geometry: The dimensions of the wind tunnel section arc 0. 1 i x 0l.12mo; the miesh width of tlte turbulence grid is
7mm.in The shoekwave is located at a distance of 0.25 in ýi.e .35.7 inesh widths) downstreamn of the turbulence grid.

3. Sketch:

4. Flow chmaracteristics: Homiogeneous turbulenice interacts withi a normal shock-wavc in a supersonic flow. 'The
turbulent energy follows a dtecay law of the form t-t" upstrean (it the shock and t-.4 downstream. Thle shock-
wav'e does not produce any significantl amiplification of the turhulen! kinetic energy.

5. Flow parameters: Tile main paramecters of the flow (ahecad the shock-wave) arc:

"Maclh number: AlZ 1.4

" Stagnation pressure: p, 0.9 bar

" Stagnation temperature: T, " 290 IK

" Turbulent kinetic energy: q'21/2 =- 101 ni`/s 2

"* Mean velocity: U1 = '105 tit/s

"~ Relative turbulence intensity: V~/; /1 0(035

6. Inflow conditions: "Nominal' initial conditions at the shock plositionl arc:

* Macli numbeir: A! 1A4

*pressure: p = 0.283 bari

* temperature: T1 = 2018 K

*kinetic encery: qi~/2 "1(7112io/S2.

*anisotropy: (u2
-' i')lq 2 =0.03.

Sdissipaition rate: ( 1,55 X (), 1;12/PS (estimated from the variation of 112 assumling isotropy).

*Taylor jinicroscalle: A = =11q 01.441 x 10-1 mo,

*Kolntogorov lengtltscale: Tj = (u/i( 1/4 =2.10 x 10-' inl,

* nicroscale Reynolds itutber: J?c-x = Va/'.13 A/It' 122.8.

7. Measured data:

Measurement procedure:

-Lase r- Dopp leri- Inlc itneiry in standard two-colour eonIi gui ation with forward scatti rivg:

-ONIF;RA device with) DANTEiC coutnters 1.I)55:

The1 transverse dimnirsion of the probe volumec is aibout 01.2 niomi

- . ~~Samples o I 2(50 intstantaneous voallies ate eonms ide red for tlic tocaso rem eti (5.

Measured qumnititims

*axial Mean velocity coin onctnt U,

-transverse toe an ye Inc ly comnponent V (negligible coot pareCd to (),I



-vitridilce oi IIIC IlUCLUMdgOXle Yet()- Styeo Ls0ii1jsI0oul (I

-variance of the fluctuating transverse velocity' component

Measurement errors

Estimated to be of thle order of' oite percent [or the mecan velocities and about a few percent for thle turbulecetc
q uanti tics. ParicleCI- drag hi as is limited to a few n i liimc te rs iniirid i te ly he hind thle shock-waveIC. ProwPS duei to
the relat ively low si giial - o-noise ratio Simn bl e ininpo rt ant in the very downastre ant part o f the explored d omla n . It
is to notc that a number of 2000 samnples is contvenient for mican veloc1ities, hut mabe (0o Smalll for I'tturblcnCC
sneasurcmnents, even in the (present) eawe of 1, w~ iurbt;1cnne intensities..

8. Available nieasurements

Tilc rcsults are given iii two tvid~es, conrespotiding, respectively, to the shock-free flow (Table I) and to tile Shock-
turbulIence interact ion (Table 2). All lthe dat a ame givena in pitysical di nie nsi ons. Eahil table iic ludcs tilie In agiftad ilal
positionl, U, 1," 11, 0 a,. and the trace of thle Reynolds stres tensor, evaluated as (I" A- - 20.2

Thle tabulatcd data representt average values fromn eleven axial explorations iiiade at diffeient heights (z.) in the ver tical
SYmmetrC~y planeC (Y=O) if the Wind tun11nel, between Z= -0.0.3 and +0.02 in.

1). Size attd present format of data: Modest siue ot (laa (two table.,,. ASCII forniat0

10, Contact Person:

L. Jacquin
ONIIRA
8 rue (le.s Veriugadins
F 92 190 MeudoIC1, France
e-miail: jacq uinl~nnenra.fr

REFERENCES
E. BLtN 1993 Etude expdrimeniale de l'interatiori entre une turhulence librcet une onde do choc, ThWve de doctorti;.
Universit5 Paris 6.

L. JACQUIIN, F. I3LIN, 1P. GLIT-ImY 1993 Ani experiment oi free turbulence/shock Wave interaction, Turhill'ot Shealr
Ploaws 8 (Eds. D~urst et al.) Springer, pp. 229-248
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SHWO1: Homogeneous turbulence interacting with a normal shock

Barre, Alem & Bonnet

1. Description of the flow: Homogeneous turbulence in supersonic flow is generated by meians of a niulti-nozzlc
located at the entrance of a supersonic wind tunnel. The normal shock is created by the interaction of two oblique
shock waves through a Mach effect.

2. Geometry: The dimensions of the wind tunnel section are 0.15m x 0.15m; the rncsh width' of the Inultinozzlc
turbulence generator is 6 ram. The mesh width is defined as the square root of the ratio between the cross section of
the turbulence generator and the total number of micro-nozzles. The shock wave is located at a distance of 0.46 in
(i.e. 76.7 mesh widths) downstream of the turbulence grid.

3. Sketch:

4. Flow characteristics: Homogeneous turbulence convected at high supersonic speed (Mach number = 3) interacts
with a normal shock-wave. The decay of the turbulent energy is characterized by a law of the form t,-0,79, similar
to that found in the ONERA experiment. The shock-wave increases (as expected) the axial velocity fluctuations, in
accordance with D)NS results, and decreases the axial integral lengthscale.

5. Flow parameters: The main parameters ot the flow (ahead the shock-wave) are:

* Mach number: Af . 3.0
* Stagnation pressure: p, = 0.0 bar

* Stagnation temperalure: T', - 240 K

* Turbulent kinetic energy: q2/2 =-2.02 712 /.q2

* Mean velocity: U = 551) U,/s

* Relative turbulence intensity: V/f•/Lr = (.00,1

6. Inflow conditions: "Nominal" initial conditions at the shock position arc:

* Mach number: M 3.0

pressure: p - 0.02,15 bar

* temperature: T = 86 K
* kinetic energy: q 2 /2 = 2.012 /.,/s

2 ,

anisotropy: (71 - v2 )/(j1 2 ,

* dissipation rate: 1.91 x j0)3 j[2/.s' (Cstniated froin the variation of ' assu iming isotropy'),
* Taylor inicroscale: A = Vr-i)l'q2/ = 0.79 x 10 -;' m,

* Kohniogorov lcngthscalc: il = (if3/0)1/ 4 = 1 x -10' Mi,

rmicroscale Reynolds number: RcA = V(q123 Avij = 15.5

turbulence alich number: u'ia 0(.006
* longitudinal integral scale: L,, 3.A 10 3 7n

7. Measured data:

Measurement procedure:
I lot-wire anenlomnctry and Laser-Doppler velocimetry have been used:
llot-wirc aneinoinetry: DANTEC 55M 10 constant-temlperaturc anemlomneter with 55M 12 bridge; I)ANTlC 55P II
probes equipped with 2.5 /hro wires (bandwilh < 300 kHi.).
Laser-Doppler velocinetry: Two-colour configuration with forward scattering; data processing with Acrometrics
DSA system.



jog

Measureld quantities:

-. axial mean veloity' consponclit U,

- trnsverse mean velocity componcnti V (negligible compare-1 to 1J I.

-variance 01 thc fluctuating axial velocity componentl 17-1

-variance of tile fluctluating transverse velocity coilpmponent

-spectra (11 hot-wirc signals (representi ng mass flux fluctuations).

I- lengI hscalIcs T, (ý L d C d lIdCed from allitocorretlattons of the hot-wire Signa L

Measurement errors:
I-lot-wire nmeasurenments: Estima),tCd to be of the order or )one percent for [lie meianl Velocities and about a few per-
Cecli for thle turhulenece quantities.
LDV measuremecnts: Estimated to be of thie order of 10 per-ceit. Errors dUe to particle dragi arc estimated to hce
neg ligeahie downstream of 4 n111n behinad thle shock.

8. Available measuremjents:

Data are given both for shock-flee flow an1d ShoCklt1UrbuleiClC interaIctionl:

Fur dhe shock-free enisc: U, m/ 2 tilie longitudinal integral scale L, thie ratio 7t2 / 2 , reprecsenting tlie a ni sot ropy,
and thle correlation coefficient R?,,,. WP/ nitas a funcetioni of thle lon'itudittal distance frotil the grid;

F~or thle case withI shock: ., V 112 v-, L , skewness and fiat les factors for thne longiltidi nal veloc it y, and thie traice
of tltc Reyttoldis stress tensor. evatlutatted as q 2 = 7i

2 + 2i'2., as a Itti t ionl Of thle diSMC sta01 tccfOmlte shoe k
Hot-wire spectra mneasu red u pstrcnrn and dlowntisIrcato of the shock- are al so gINTt).

9. Size andi present format of datai: Moidest size ASCII file.

10. Contact person:

S. Barie
L 11A10', N
43 iue de lI'Mrodronin
F 860000 Poitiers, France
e-1niail btePnv-otesf

REFERENCES
1). ALhiN 1995 Anaal yse e xpL rimnimitle d umne urhulun ce ho1110g~ lie ell iýci le meait supe rsonlicu souSlOiiisc 'i Oil ehou d roi t
Th(mic m de daciorar. llaiversiti5 dc Poiliticri.

S. BAt~mE, D). ALtSM, J .P. Don NNEt'r 1996 Experitemital study of miormal shockfliumiogecoois turbulence interuictioti, AIAA
J. 34, 908-974
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Data Sheets for:
Chapter 5.- Pipes and Channels
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PCHOO: Fully Developed Turbulent Pipe Flow Simulation

Loulou, Moser, Mansour & Cantwell

I. Description of the flow: The flow is a numerically simulated, pressure-gradient driven fully-turbulent, statistically
stationary pipe flow.

2. Geometry: The flow is in a smooth cylindrical pipe with a uniform pressure gradient. The domain is formally

infinite in the streamwise direction, though only a finite domain is simulated (se §7).

3. Sketch: None needed

4. Flow characteristics: Fully developed pipe flow exhibits the usual characteristics of wall-bounded turbulent flows.
However, the Reynolds number in this case is low enough to produce low-Reynolds number effects. For example,
turbulent kinetic energy production does not equal dissipation anywhere in the flow.

5. Flow paranmeters: Various measures of the flow Reynolds number are Ret, = 5600, Re,. = 7248, Ile, = 380
and C1 = 9.16 x 10-. Reynolds numbers are based on bulk velocity, centreline velocity and friction velocity
respectively, and the diameter.

6. Numerical methods and resolution: The numerical method uses Fourier expansions to represent the azimuthal and
streamwise directions. Nzar-spectral resolution is achieved using b-spline (basis-spline) polynomials in the radial
direction. The computation is carried out on a grid of 72 x 160 x 192 (radial, azimuthal and axial) modes for a
total o" 2.2 million Pou ierlb-spline modes with quartic b-splines. A non-uniform grid is used in the radial direction
based on an exponential function. The first point away from the wall is at r I = 0.39 while near the center of the
pipe Al+ = 5.7. A finer grid is used very close to the centre of the pipe where regularity conditions are imposed.
See Loutou et al (1997) for details.

7. Boundary and initial conditions: The pipe walls are treated as no-slip boundaries. The no-slip condition is imposed
exactly on the b-spline expansion. In the streamwise direction, the do'main is truncated to a finite size and periodic
boundary conditions arc imposed. The length of the computational domain is 5D. Since the flow is statistically

stktionary and has periodic boundary conditions in the streamwise direction, the initial conditions arc irrelevant, and
there is no need for inlet conditions.

8. Averaging procedures and uncertainties: Turbulence statistics arc obtained by using 46 different fields approxi-
mately equispaced in time and averaged over a period of 43 time units (Dl/Ub). Statistical steady state is assumed
to have been reached when the total shear stress reaches a linear function of radius to within a mean deviation of
0.5%. Comparisons with single-point statistics are, on the whole, excellent with the exception of higher ntoinents
of the radial velocity near the wall where some discrepancies between simulations and experiment are observed.
See loulou et al (1997) for extensive comparisons to experimental data (Eggels et al, 1994, Westerweel et al. 1997,
Durst ct a11995) and other computations (E-ggcls et al, 1994, Kim et al. 1987).

Correlations of the velocity show that velocity fluctuations remain slightly correlated for large streamowise separa-
tlions suggesting that the domain length of 5D may be too small to permit adequate comparisons with experiments

carried out in much longer pipes. However, this uncertainty will not affect comparisons to LES simulations if the
same donmain size is used,

9. Available variables: The following data are available: I) Mean velocity, vorticity arid pressure, 2) Reynolds shear
stress, 3) Skewness and Flatness, 4) Reynolds stress, kinetic energy and dissipation budgets, 5) Streamwise and
azimuthal velocity spectra of all three components, 6) Strcamwisc and aziinulhal vorticity spectra of all three com-
ponents,

10, Storage size and data form-at: Format is ASCII, requiring approximately I MB of total storage.

II. Contact person:

Brian Cantwell
271 Durand. Stanford I Tniversity, Stanford, CA 94305. USA

Phone: (415)-723-482:
Fax: (415)-725-3377

E-niail cantwell (t@lclantd.stanlord.etu
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REFERENCES
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Fluid Mech. 268, 175-209.
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PCH01: Turbulent Pipe~ Flow Experiments

Durst, Jovanovic & Scnder

I . Description of the flow: Thins case is ai fully developed turbulent pipe flow at low to mnoderate Reynolds number.

2. Geonmetry: The flow is in a smnooth cylindrical pipe with LID = 80.

3. Sketch: None needed

4. Flow characteristics. Fully developed, smooth wall, turbulent pipe flow is generated in anl 80 diameter long Pipe.
Although the LID is mar-ginal for attaining a fully developed flow, the required development distane is reduced
somewhat by tile use of a trip at the pipe entrance. The assumption of fully developed flow is not. as well established
for this case as for the othecr pipe flow eanes.

5. Flow lparamneters: In this case, Re, = 7442, 13500 and 20,800. For lies = 7442, we get Re,- = 500 and
C, = 9.03 X 103 Re1, and( Re., are based onl diameter and bulk and friction velocities respectively.

6. Iinflow, outflow, boundary and initial conditions: The flow is tripped at thle pipe entrance. A screw conveyer
pump, which generates very low flow rate pulsations, is used in suction mode to draw fluid through tile test section.

7T Measurement procedures: The nmeasoremnents were carried out using Laser Doppler Anemnometty applied t(o a
50mmn diameter glass pipe mounted in a rectangutar viewing bo, h pipe and viewing box are tilled with) a working
fluid composed of a mixture of Diesel oils whose hidex ol refraction is matched to the p~ipe. Tile temperature of the
working fluid is controlled by hecating and cooling units installed in thie upstream and downstream settling chambers
of the test rig. rhe. measuring voluime was measured to he 70 microns in diameter and 250 imicrons inl length, The
dsiin is colleccted lot i Was due to the finite size ofth mienasu rinig v'olume. Strategies are used ito minimiiize err-ors due
to mecasuring angl Iminis~align ment and electronic noise resulting in ase Urate mean velocity data down to 1/-- 0.5 at

Rj,=7442. See Durst ei al(1995) for details.

The time interval between samples was sct close to the integral tine scale, Dl(UC, and a saiolple size of 40,000 was
used giving a relatively low statistical unlce rtaintiy. L-stimatcMd errors are: mean < 0.28%X, turbulent intensities < 1%X.
f]latiess, < 2.3%. It may be that the potential lack of fully developed flow results in larger uncertainties than these.

8. Available variables: The following (lain are available: mle"an, rmls., skewness atid flatness of all three velocity
componenits.

9. Storage size and data wrinat: The da~ta is inl ASCII fotniat and comprises less thatt I Mb (of storage.

Ill. Contact peirson: Franz. Durst
Lehrstuhl fur Strbniungstitechani k, Universitflit lErlatigen-Nurnberg
Cauerstrasse 4, D-9 105F8 Erlangen, Germany

REFERENCES
DURSTr, F., JOVANOVIC. J. &SENDERt, J. 1995 LDA measuretments in the near-wall region oif a turbuletnt pipe flow. J.
FluiidMech. 295, 305-33.5.
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PCH02: Turbulent Pipe Flow Experimenets

Peirry, 1lciihcst & Chong

I . Description of the Hlow: 'This case is a fUlly developeCd incompressible turbulenti pipe floss, both smooth and rough
wall data are included.

2. Geometry:

The apparatus consists of a, long cy Iin odic al pipe fi tted With) in upstreami ax isyIn metric set tinrg chanmber and 27: 1
contraction. The selditig chamber consists of honeycomb flow straighiteners and '1 screens.
Smooth Pipec: Preci si on. drawn brass tubing wsithf anl interntil diamie te r of (0.099 m, andI a length ofi4 1.1 7 in. M cas-ti -
iog station: LID =398.5. Static pressure locations: LID 49.2. 1019.9, 170.5, 23 1.1. 29)1.7, 3,52.3. The smlooth
wall flow was tripped using a sandpaper -strip 5(0 grit and I 5 rilli long.

Rough Pipe: ''k-type" roughness (0.25 mittn heigtit. 2.5 otot cell size, woven fabric wedding "'ale glued to thie
inside of- tilc pipe). lInternat Diti meter, 0. I1) 1 711; length, 4 1.1 4 oin: tinca-suring stat ion. LI = 390.7; static piessorc
locationts, LID 46.1, 50.3. 176.8. 206.5. 226.5. 285.7, 345. 1. Static precssure probes were used. rlather thanl taps,
2.0( 711.711 diaimcter hypodermicj tubing 2(1 t o oo fflie wall.

3. Sketch; None needed

4. Flow characteristics: Boith smoothI and roiugh wall cases arc lull y developed.

5. Flow pa ramieters: Ini(the smoothI wall piipe, dwta isaIva itt at lea Reyoil ds i unibe rs R(, 75. 0001. 1)00,000, 125,000,
150,00(1, 175,000. 200,000t( svhich is Jiv, = 1610 21181), 2550, 3011), 342(1, 390)0, respectively.

InI tile m-ugh watt] ease, thie samec ceitireli ne Reynolds numLboters tire tiva i able, whticlh correspo ndl to Rc =e 1671), 2391),
2920, 351I5, 4 140, 47 1(1, respect ivetly. Reyniolds niumbters a ic baised on cii trel inti or friction vetlo cities anid di anteter.

6. Inflow, outflow, bou zida ry and iniitial cosiditioiis: Th 11 c ap arit11 consixi ts (1t a long ey Iirlditfcat p PC lit ted Witlli at
up~streamii ax isyninietric settling chamber and 27:1 conttraction.i ']'lie settling chtamber coirsists Of hirneycoothb flow
strai ghtencrs and 4 secietis. The smlooth wall fl ow was t ri ppedf usi rig a saindpape r strip (5(1 grrit, IS cotl ontig. Flo w
in tile pipe exits into a centrifugal fun, The pipe is expccit:dl to be ful ly developed at tihe titeasit mentIC11 siaton.

7. Measurement procedu res: All r1itesutni cotU S weric takeni at approxsimiatelty 41)1 dtiatmteteris from tlie pipe Cliiiti rce.
Mean flow profiles were mettsuIred Wiit plitlo-static tubes, Piessitre drop wasx moeasured along tlie Pipe using static
tapls. Results wecre etri r''etd for snmall density ethanges along tile pipe due toicm ttpl-ssibilmty e fleets. Wall friction
was Iniferred from thle pie ssure drop measuterme its. Turbulence iiie axare mien Is and S pecltra were nie 1511red is iii g
erloss-wirex. Hut, wires were calibrated usiitg a dyo~riliie cat itratiitit system gising very aecurrrtle turlbullence initeinsity
IeaSUrclrenrns'.

Foir the rough wall pipe, pressure dtrrp Wais nieasiured using! tili tIt CSSI I~~u robe prnt11-irded 2(1 iiii frin thle wtrff. A
normal wire (DISA niormual boundary ltayer probe. type 5511(05) was also used inl addit ioii to an1 iti-Irtitse-built X-wirc.
The pressureC 11-t1) tatid Pilot-static tIthe nittati Houw dam W~ere moititiitieo using a Dtttaioctric 13nrricetl jprCNSLrc trait~s-
ducecr (mnode I 101I 4A), the OUIat ptvi rla ge of' whitch was inrte grtated on airl IA IT'R-21) tiir :11ogLI Oti rTIpMUtr. The piressutre
drop daita was s ampled for at letist I5 secondsk. For nicani flow, 3 sam pk s of' 1.5 second dIan a were ensemoblec ave ra qet
The aecuracy oif nietr f~low measuremencits anid will[t ste ar- stress is estimatedi t il ticb withlin ti.5fi(.

All hot-wire sigtttlk were processeid on line using ti TR 2(1 anitotirgu comriputeirtiretlier With at DEC IP1)1110/It
digital comtputer (12 bit resolutijoit. Revniolifs stress data was avCliaird 1*1oiti 8 bu-sis Of 9000(1(310 ditpitiril N anipfet
at 201) liz, The aiccutrtty fth dyitatiically calibrited Revirottl strt'sses is "liiimiedto tit e within 2.51;.i

The traversing mee itanir ii was tciecaate tIo withlin i0.0(5 mtin. See It enlbest) ( 1983) anad P erry c ri/C I990)1( for detamifs.

8. Available variables: Metan sire i itwise vetloceity aintd sk in fri clion.

9. Storage size and dlata format: iTh idtatm is in ASC 5(7 rirot andt int ettres apprimsinnitae I 100( Kh (tinf Storage.

tO. Conitact jpcrsiln:

APot itiy E. lt enry
De)partmenit of Mecfhanical andt Manu facturinig I-Arfil~inerhiij I-ulie i Uiversitv of Molbrlt-irn
Pttikvi lle. Vietittia, 3(152, Amitiali a.
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PCH03: Turbulent Pipe Flow Experiment

den Toonder & Nieum'stadt

I . Description of the flow: Tlls case is a f ully developed I urbule nt florsi 1 a stllouri I cimrelm pi pe at mode rate Reynolds
number.

2. Geometry: The geometry is a cyli ndrical pipe wiith a di amttier of 4 cm and a total leng~ith of' 34 ill (1,/D f) 8501).

3. Sketch: Nuoc needed.

4. Flo", chainacteristics: 1-ull y dev eloped to rhulel lit l f~Clorw exhli iis all tile timial featit res oif wall]-houhrued I uithu lcilt

flows.

5. Flow pataumeters: 'The work ingi fluid is water ait it temperaturc T 1 6.6C. (p) 9!)8.¶)kjg/ttr atnd 1, 1.09 x
1l0 - tt

2 /xte ). The Reynolds numtbe'r is Rct, = 24. 580 arid Rc,. 1382 (based otl diameter antd bul1k or fric tion
velocities respectively).

6. I nflow, otitflow, homaundry and initial cotnditions: The fl ow is tip1ped atl thie piple Cliitry. All ex peti inierrttl (d1am are
taketn at a positiott where lthe fl ow catn N cotisidered ful l) devselo ped.

7. Meusturettent procedures: Measurementts were Callried out Usitng at two-cotnpotiett laser D~oppler anetrtometer. 'The
authois suggest using n Wall ptosrition correct ott of'r--- 2. 92 x 101 Ili w ith title untcolrec ted dat a provided.
Thle saimltip irg freqtlientcy was 601-1/-k anid tneaswh g li ttoe tper porsi tiont: 30(0 s. H etcee, typicia ly 1 800 Nanttples pet
positiont were takeni, fewer clo~se to thie wall.

Uttcertain ties were eotmiputedt itt a slaitdciid way per pofsitioni anid tie tIncluded ill tite alat~ tile. Relative errorsý aite
approximautlty 0.417( for lie meanr velocity atrd I ý'( I or tile t vtt 5 elocrity,

See (felt Toortder (19)951 (oi- mtore deta(il s,

8. Availrable variables: Axial arid radiotl conipotietits of riclan attd rmtt.s velocity. setc atnd Ilatriesiý, thirhtlett
shear stress ?t = ii viscous sheilr stress l, = - (irt'I/dr a irld [loll-d iitrettiorial i ed produciotrt of trorltlentt
etIILtg1y PZ -7 idU:' /dr' iare al IprI ovided its auict WI ot (It o'lIt itt r , tr11 ?r/Pýi) as;re tI It CIelat ye stat Iist atI errors!
ill tile tueait, r~i~.Velocities, Ilairgeless, atnd 7,

9. Stoirage size and data fuormat: Daza is itt ASC It format. requ irintrg appro xi i t lvtIlt 10 1,11 of mtovrae.

10., Contact person:

Dir. Jaap Mv J. den Ttrtrrder
Itlltit ps Reseatrch Iaoa n
1'rol. Holsilaant 4, 5656 AA Enhoi~~rven. Thre Nettrerlatrds
Pllionc. ll 1-401-2742 185
Fav 1-31-40t2744299t
C-riiail: toolrder a? (natl .b.teCscareIt. phit i Ips.cornl

REFERENCES
i)r0.N TOrtND ') It. J . Mv. J . 199)5 D rag~ r'dticlio( b.) po ivotei addirives ill el~ fhtr /tet pipe flow. kdrorohrrs (jilt 1111inrr'rwol

res'd.rth. Pht. D2. tI (m . Dell U i vets ity orf ieetttto tgy.
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PCH04: Turbulent Pipe Flow Experiments (Superpipe)

7agarohi & Smnits

I . Description of' the flow: This case is a fully dcvelopecd turbulent pipec flow with Reynolds number varying by 3
orders of magnitude.

2. Geomectry : '[he cx pen ments are carried out in aI cylIindrical aluminium pipc With aI diameter otf' 12.7 cm and a total
length of 26(13.27 cm (LII) = 20,r). The Wall is p)Olished( s911oth1 over its full length to a roughness measure of
atpproiximiatel y 0. 1 5 micron rm s.

3. Sketch: None needed,

4. Flow characteristics: Fully developed pipec flow exhibit-, thle usual features of' wall -bounded turbulent flows.

5. Flow parameters: The experiments weic pcrformed in a test pipe enclosed within at pressure vessel. The working
fluid is air at presures ranging from I to 1 89 a~tmospheres. Test Reytiolds numbhers range from flej, =311, 5001 to
35,259,0001 (Rc, =17001 to 10ll). Reynolds numibers, based onl diamieter and hulk velocity (or friction velocity).
Detailed gas propelrty and nii ai flow parameiter intformatiotn is provided wijth eachI vel ocity profile.

6. Inflow, outflow, boundary amid initial conditions: The flow at thle piple enitry is tree of swirl Iand has, a relatively
hi gh turbulencec level. Thius insures lUll y develop~ed flow at thle Measu ring stations iiilI tie abse nec of all entry tri p.

7. Measuremient prtocedures: Bioth Ate [low ralte and gas density Were varied to atchievc thle set of- test Reynolds
niunthers. Gas ieicIitratures irenmai ned close to aimnbienot. Mean velocity pro tiles were measured by travers intg a
0.9 milli diatmeter Piltot tube across 75/"( of the pipe. Static pressure me-asuremnets wcrc taken ait twenty It. 9zi i
diaimeter Willi taps equallIy Spaceed over aI 25 diameter Ion g section bectwooen tile secoindary mecasuringr staItion at
20172.67 e tin and (lite pri 0 iry moeasuritig stat ioin at 2532.56 cmi. Thle test air was filtered and dried to product, a Water
conttent of upproxi nate ly 14 ppmn. With [lte Whole systemi undfer pre ssure, tlI e flow through thle piple Was gE.tCititaed
using aI vertical turbinle pumtp d riven by a variable speed itotor.

'Typical saitiplitig rates, for thle Ilito tube were at 5011 samples/svc Willi sampjlingi perits% ot approximiautely 3(10,c
The tabulated datal is hot coirected fo.h fet of probc dtisplacetenet altltough several correction nicithocs are
discussed in Zagarohl (19901. A complete uncertalinty aniley sis is also giveni in ingar-oa 1(19901). [The uncerta inity
In tho niclan Velocity is estinuited to be 0.31/(. '[le utilcertainty inl tlie friction factori' s estimlated at 1.1% 1 kw Frinire
det il s see zagili'o I (I1996) andiii/.giirol a & Sin its (I 997 1.

8. Available Va[nobleIs: ('h'e data Consists of aset of ownic Ve uloci ty profiles at 26 Reynolds ii numhers, f-eader in forma-
Lion for. each profile includes gas properties. fr ictionl velovity anid ctimpressibility facto:.

9. Storage size and data format: Data is in ASCII files, requiring approximtotely 1301 Kb ol storage.

1(0, Contact person: Prof, Ale xaiider J , Srni s
Di rector, Gasly namin cs Ltthoratory, [DepartmenC lt of Mechtatiicat and Aerospace 1lIligi liec ring
Pri nceton Uniiivers ity, Princeton, NJ 085441, LtISA
Tel: 1(009 258 St 17: Fax: (00)9) 258 2276

REFERENCFrS
ZA (IA MI(.A , M. 1996 Mleoo-flor .scaling~ of turio'bh',o pipe fbil. Phl. 1). thesis, De partmlit oii(f Aerospac2 and Mechanical
Lilgilee i-mg. Priliecton U itivcisi ly, RefIcricnce numbnbc 20)53-T.

ZA ,,t( RLA , M5 V. &Smnit . A. J. I1997 EXIpc Il im its iin ighI Re ynoltids liltiniiber t Ititbln pIclit Ic flow, Mlys~. Rev. I~r.78.



PCH05: Rotating Tu rbu lent Pipe Flow Simulation

(irlandi & Failica

I Decscription of tile flow: The 11 ow is at direct s imuolat ion atl ow Rey niolds rilumber of sinloot IIwa Il pipc flow wit the[ 1
pipe rotaling about its centreli nc ax is.

2. Geometry: The (low is il it smooth Cyl indrical piple with it uni form pressure gtradlient. Thie domain is formally
infinlite inl the strcautwise diiectionl, Ol~oUphl only a unitie doiml ku Sim iiulated (,we ý7)

3. Sketch: Nonne needed.

4. Flow characteristics: FulIly devye Iloped pipe l (1w exilhhils [Ile Usua :11 eat nrcs oif wall - homuded t arho lenee. W me a
thle pipe rotates mi draf! reduction is achieved andl for ltieth roInoma rat"s tile mean streninwise velocity tend.%; to thie
piraholic laminar JPujsetille prolile.

5. Flow parameters: The ReynolIk numb111er is Hi, -190 HI) 11 data lot four rotatiol onumhers ate provided, Ho,, (10
0.5, 1 amid 2, where Bolu,,ýD1U

6. Numeirical met hods amnd resoluition: The N -S eqo atmott , inl pr i mit ive sar1i'able s anad ill Cy indlicii Coo mudi inales, tire
solved by i1 SeCOndI-order finlite di fleremce famcilltd onl a mttqq'ced Lgrid. Fu, tlie detalds of thle momimwrmrcal mimetliod sce
Ver,.icco &- Orlaodi ( 1996) The resolution uscd is 128 x 96 x 2i-7 points (inl tile ;uiinulial , ramlial and aXial direet~ioii)
for it pipe oficlength 1, ý-7.51).

7. Bloundariy anid in itial icondltimm Thle ptipe wtil I aite tic ated aIs in i-slip boundaries. Ill tIme sti ca in wise dirmection. tile
dloimain is ti uneated ito a finite Si/C anld periodiC bounldary conditions, amC iiopjOSCd. Thle leIiinti oif tile Conmp11utltiomtal
domain is 7AWm).

SinIce th0 flow is Sttist ically) stationlary and has periodic botutdary citndit otts inl thle sireamowise direction, tie initial
Conditions are irre-levaiti, mmd there is no need for inlet coadit ions,.

9. Averaging procedures und resulting uncertaimnties: Averacimit is peihwimmled otnce thle ticati profile reCaches 1i
stealdy-state. Averapes are donie as at poSt-piioeesSingt proceduire ottl lields separated by at At- 21)/Ul, dilimenl-
sionfess time unit,.. Uor N-4), 25 fields aire sufficient. For N:.2 Ole uumimnlr of lielmds iticiemises ti (o . Thme phlysical
reasonls fur at ni'ger. miiiamber of' fields is related to tlie elongated hlidcal struoctures ill thle Ccental reliomi imI the pip'..

9. Available varlabivls; NMcan ax ial. radial, tangenmtialh velocities attd p-CsSute~ Tlurbuletti ait %misc t'rolliles, such as
Necotmld or-der (Inc-pointi ye -loty atnd vort icity eCmrreaidotm. skewn~ess, flami ess. mcopticify, lielicity and [amb vector
Coi pl leti llis.

10. Storage size and data formiatf: Data is inl ASCII foriimmat req ui r in approx im ate ly I Mb oif sti ira p

11. Contact pierson: Pirof, P'aolo, 01laindi
Dip. Mcccaiicai c Aerutautica, Unmiv. di Runma "La Sapieto'a

emai; oramii voia~dkumiiuguniotul I t

HE'IER EN CES
ORt.ANI i, 1). 1997 1lielicity llei1 t ois:11iSil(1 tahti-)O~ t Cenerg% prodJUCtion inl rotatjjlng Und non1 1,otalt ng pipe'. Hl'hr IFuid.s 9.
ITo appear.

ORLANDI, P). & FATICA, M. 1997 Diiect slinlalltimum, of a turlmuhlett pipe r-oittmof! along thle axisN. J. Fluidh AMchl. 343, 43 72.

VtiuZlCC( & ORtANDI, 1'. 1996m A lhtmte-diflercnce seltnile lor tillree-dmtlielnSionl incmenpressible flouws inl cylinidrical
cmord in at C, .i. Coimpm. Ph.tv.. 1 23.-1t02
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PCH10: Fully Developed Turbulent Channel Flow Simulations

Mansnizr. Moser & Kim

I1. Description of tile flow'. The flow is a numerically simtulated, pressure-gradlicnt driven. fully-turbulent. siat~stically
stationary chainn iel flow,

2. (kinnctry: The channel flow is (lie flow between two parallel walfls separated by a di~stiuice 26, It is driveit by a1
urniform xi reamlwise rsr-grdeitWhich is varied inl ltime to maintLain a constant mass flux. The strcai iwise and
5siiiiwise direct ionis are formally in fin ne , though only a finiiie. domain is simulated ( see ý7),

3. Sketch: None neLededl.

41. Flow characterist ics: Thew flow,, cxlii bi all thle uisual chloiriite isic of I 01Wallhi buntded titurIulent flows. The Re yn olds
numbers are sufficienttly high lor- a smiall region to exist where tile Ilioduetnin anif dissipation rate of turbulent kinetic
eniergy are alni1ost equil.

5. F low palramieters : The only irelevant paranteterl ill lthis flowi is tilie Reynolds nu mbter. Ill the two eases, Rc, 395
antd 590) (M-1 , - G875 and 1 093.5), whe re thle Reynolds aitttbers are based nii hall'-w idtl and frict io n (or bulk)1
velfoeity, The lower Reynoild s at~imber ease ( Fti',' 39,5) wits compifutedf by Kimi (I1~990, unpublished). TIhe datia
were used iii Rod i & M ansour (I 1993), atnd are irefortedt along Withi thle high RCyI)II nolds ii mb' MV16, 590) data ill
Mansour t' ci . ( 1997),

6. Nuinerleskl methods anud resolution; Iftc d irectI numer ic al siliiul mitons were wV rforniled usingp ih lie fcCtial vitiunierien I
tilet h od oI I Kim., Mo in & Moser (I 9)1). 'lThe meii uI hot takes iSe iiV 0I'F kiel espa isi oilSill t(Ilie stream iwise and span wise
dliiVCtioiis aiid a C'hebyhCl Iv represenitatilonl ill the Will -nortual direction. Thew inIcompreLssible Niivici-Siokes equations

lot [0f 1ied1usi1g ak 1iriiidal/ploiiidiial decomlpositiii. inl wh'ich tile firesstirt- is elimllinated and in1coinlpressibi it> i.
impilosed e xactify. See K un ei al ( 1987) for details,

Thle number of b;oufier/CliebyL:lev Iiintfes ulsed inl each siinolatioii 1arC shown ill table I, along Withi tile resuiltingj
streauiiwise anld spitnwise grIdI spacing inl plus u1iiis (tile Nyquist girid spaineig associated Willi the highest waveiiuai-
ber Fouriier mode). Also shown ill lable I is tile equivalent grid spacuig (an clfectivu Nytf 0151 spacing) Iin the y
direction at thle centre of flit chtannel. Ani e-sdnate oif [it, y r-esolutiloti as a1 function of, 1/ locationl is given bly

A./I(y) Ay, Jr-1y'.2, Where .1 goes froii I ait onle Walli to I al the oilier.

7. Btoundarmy and ju intal culiditioihs: The two walls of tile ch anne ii aire treated as., noi si p boundaries. Thie un-sfi p
coitdition is iiiposed i xctly oiii tile Clichycliv exfiiiisioii, Ill tile sirealwisc aiid spiliwise (fiiCeiiiiis lithe dolmtiin is
truncated ito a fuille si7.e anld periodic hoiind~iry colitidoii N art' iiiipiised The donounil si/es are shown ill tablle I

Siiice thie flosw is statistically statlionarlly anld fins p)CIVL Indic boundary conditillons inl tile slicani~wi~se dlirection, thle inilial
Conifitions ate irrlekvant, Wind there is no0 need( for iiie Coiiifitinim.

8. Averaging pirocedure's and rmaultin ugineert ai nti&es- All i[lie data provi dedf frouil ithese si mulfationts ate obla nled by
ciiiijuting tile ailpropriate quant~ities. fmoni thle sinliulateif Veliicity fields and averagling III tile lioniogene11ous spatial
dfirections x' andf z and filiin. Thle as'eiageN inl tinie arie taken ilver- approxiiiately 5t0 widely spaced velocity fielids inl
each case.

'There nile three potential sources (if' liinertIai lt ies iii this (alai. I iis is thle iminiienicil ihisciefi.-ationi errors introduced
inl the itiinieriecal siniluliliiiiis. These uncertinfi iis should hle negligible. 'The second iinceciaintv I" slaiislicaiI. Which
[irises l1r01ii (7ompu)Lting thle averages over it finlite domainm siue and a finite nine. Ani estiiiiatc of tile magnitude iif
this croi caii lie obtainied fly lealii-iiig that tile ideal proilefts will bie either even ort odd lit ib depenlding oiil thle
quantity. I epantnre froii this ideal behaviour provides, all csimiivnf of, thle error. Ill prictriieular if thle profilie of a
(11ilaifiti Y q shIould lie even (il tot xatple ), tien the miiagnalidtot oftIlt' oidd part I (q(!I) -. q -1j ~) )/2) relative ito tile even
part I(q(!iIl -1- q(!/ ))/2) is an estiimate of lit-e reilaise error dute iii limiited Statistical sanif piiig. Such estiiiioies can
lie coiiipoiled f oiti thle data provided. 'The third soutiee ot err1ors is (file iii tile finite doimmailii suek ol, the flnmiierieal
siikilatiiiii, thoughl lilt' douliuiai size." were sel~eictd to etusurle that this unlieeraint'" is Small. 'This Is anl elrrii olily it
onue takkes ilie view that the smitiilatiiins are a iiiiiit' lor inl idecal f(iiw ill it stieautuwise andi spamiwise iiifimiite diiitiuiii.
llwes'em, it alli I .I.S is oiciui ini the saime donaitiul with thle saimue peiMiidie boun11darly Ciiui1ftiiitS. thltai a iiitti0 i sil l lC;iii

ble Imade withiiut en orii' ic lolite dominiai sitc.
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Re', L., L. A', x A'. x A' Ax A-- l,

395 27; 6 T( 2563 x 193 x 192 10.0 6.5 6.5
590 '2r6  7r 5 38 1 257 x 38.1 9.7 4.8 7.2

Table 1: Simaulationi parameters for thie t~w channeld direct litiiiicrical sitnitltionn. lThe Reynolds nitither J?(, is based oil
thce friction velocity .1j, and 6.

9. Available vairiables; For both cases, prolties of' thle mean v'elocit% U'(p,) tile Velocity variant cs (11a 1,"t', and
Reynolds stres's Mip as well ats dissipatiol I(i ). In aidditioin, tile triple velocity correlation.s appearinig in tile Reynolds
stress balance equal ions are provided. Furthermore. sireaniwise and spanwise one-dimtenisiontal spectra of the three
velocity cotmponetnts are provided~ at several il locationis. Note that all of' these data tire comtlputedl hont kinfliercil
velocity ficlds, so care titlist be cxecicised wlte i corn pliriliv thesedl (ftit-adieltly, o L ES reut.In add ition, hipgher
order ttonimeiis such ats trippic correlationý tire ilonic sens~itive to fintie statistical samples, so (lhe uticertaittics in
these quantities are larger. Finallfy, thie small scparat ott velocity-velocit'y two-poitit correlationl required to colipute
filtered versionts o' [lhe second order statistical profiles ats ileserihiei ill Chapter 3 in tile dItiabais dcletineit itre
provided.

10. Storatge size avid data formatil: There are four. Profile files coottaiiiitg meanl velocity, Velocity Variattce dissipat ott
atid triple correlation data in ASCII (270) Kb). ]in add itiont. therec is aI binary file emittaittitig the stoalll-seplarationi
two-poitit ctrit-rrlations neceded to comptipic filtered quoantities. Total tlatt si/c: 23 Mb1ytes.,

I I. Coutmtct pei-sonl:

Nagi N. Mansour
NASA Amies- Research Center, Molftcil Field, CA 940)35, USA
Phone:; (15)-0(04-6421)

Robert 1). Mixer
Dept, Theot-etical anid Applied Mcchai"ok, University of Illinlois;
104 S. Wrirht St., Urbatta. IL 0 180 1 USA
Phone: (21 7)-244-7728X
1ýIlial- I-mnloser-Qviuiuc.edu

REIERE NCES
Kim, 3., WvItN 1. I & Ivltstiit R. 1). I1987 urbollelICC stiic hilly ('ll])evefiloedl chlnuild flow at low Reynlolds; itninhier,
J. Flind Mech, 177, 13 3 -166.

MANSOURt. N. N., Mnlst;R, It. I) & Kim, J. 1997 Recynolds tuiutber effects ini low RcyttoldsN nijimufici turbulentl channels.

ROMat, W. & MIANSt)(it, N. N. 1 993 Low Reyttolds rillinbcr A--I lotoileint, withl tile aid (If' direct Simoulationi ditta, .1. ~liud
Me h. 250, 509,
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PCH11: Fully Developed Turbulent Channel Flow Experiment

Niederselwilte, Adrian & H-antratty

I . Description of tlie flow: The flow is a fully developed turbulent flow inl rectangular channel.

2. Geometry: The channel is rectangular with aspect ratio 12:1 (24 inchecs by 2 inchecs). The measurement station was
located 3946 (394 inches) down streant of- the channcl inlet and trip. and inl thle centre of the %pan of the channel, see
Niederscliulte (1988) and Niederscliulte, Adrian & HaIitiatty (1990) for details.

3. Sketch: None needed.

4. Flow characteristics: Thle film, exhibits all thle usual characteristics of wall bolunded turbulent flows,

S. Flow l):ttrannters: The only relevant p~arameter ill tihis flow is thle Reynolds number, whiceh is UPI, 18.3:19 or
lie, - 921. Thuc working fluid is water at 25'C.

0. Infulow, ouitflow, botindury and initial conditions: 'lic top and side wallIs of thle cliami cl are rigid antd con form
to thle design dimensions to witlbin 0.0 11k. The botuntdary layers ait tile in let of the c hantnel are tripped, and thle
developmentt length of 39416 is sufficiently long for the channel to lie fully developed.

7. Mcusurenient proceduires: The velGC~ity was measured using a 2-coniponent 1,1V systemi with at measuring vo~klume
that is 35 n ic rons in dIiameter and 300) microns long. Thie eonfhg a ratiott was designed it) permt accurate 1 teusure-
titetit ofl[tie velocity profile tecar tile wallI, without correction for thie size o,(ie tietoasuremnent volume. Water ill thle
eluItteI)C Was fillteed anld seedcd with 0.5 micronl partic2les sucht that there would he a.ll insigniticati probability of'
more than one particle appearing ill (the ttteaskirelttcttt volume, while still providinge a oecatr cotltiituous signial. Tho
data were taken with it very high sample 1110 (.90t0 Ill.) to ehlminate till questionts of velocity bialsingl' associated with
low data density itt 1.1 V measur-lements. See Niederschulto ( 1988) and Nieder-selulte oi (11I 990)) for furlther details
otil te tttuasureltient procedures.

Illth tie litl-wall region (II < 20) thle i is itt apparent i nereust: ill (the t111s velocity due to noise caused by oplitical
I] arc; from the wall. Datm below III = 20 sholotId nIot he con sidered valid.

8. Availuble variabiles: TItel streattwise and cross stream velocities were tociisured. Mean, nints, velocity, Reynolds
sitress, ti (I kewness andl HII a nss profle ls at1 Selectedt 1 loeat ionis atre inceluded.

9. Storage size and data formtat: TIhere is a single ASCII data hil teeotttainmr, Hit!It profilte data. Total data sizz: 5kb.

1 0. Contact jiersoim M Pot . Ro n Adriian
D)ept. Thteoretical tand Applied Mchanmics, University of Illinois"
104 S. Wright St., Urbana, 11. 618011 USA

E-mtail : r-adrian ~'aite.edu

REFERENCES
N tttMERSCt IULTE. M . A.. AinIIAN, R. J. & 1HAN1RATTY, T. J , 1 99t0 Mc,:lIsurlctIlcts o iturbIu!lent hlowi inl Ca ltiel 11t low
Reynolds number. E..V. int Fluids 9, 222 -230.

N t Ct Ottscm itt t t, N1 . A. 1988 Tl buideti Flow 7ir/oug/t a Re'ci'tiangla C/ian aol. Ih 1j ). tIles is, D epart ment of Chem C ill
Ltigitteering. UnJiiversity ol Illinois at Urbatnt-Cliampaign.
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PCH12: Fully Developed T'urbulent Channel Flow Experiments

Wei & Walllzualth

I Desci-iption of the flows: IThe floiw is a full y devseloIped t a thu CI fatlotw inl rectaniigul ar chiat ;t .

2. Geomnetry: The channtel is reciatigular with aspect ratio 11 .9:1 (30.8 cnt bN 2.572 cmi). The incasuicmciet station
Was located 1 736 down stream of, the chanalci inlet. and inl th Centre or1 the span of1 the clannel, see Wei & Willintaith1

1989) for details.

3. Sketch: Nonec needled.

4. Flow chaiiactei-ist ics Tlie llo eW xlhibts all tlic uiisa ciharacteri st ics of balli ounded to thui lci flow."i,'s

5. Flow painuateteus: The only rceivatnt paranictttr ill lthis flow is tlite Reynlokklds nuner. Whitch For thle three eawse

included htere is Ri. =- 1491)1, 22776 and 39580, J?( i, =1:1115, 201917 mttd 353531. or ftc,= 708, 10 17 antd I 655.
Reyntolds niumtters arye haseCd oil litall'-wid ti (6) antd ciit re Iintie hul1k or frict iton velhocit ies respect ivel y, Tlhe Working
fluidl is Water.

6. 1Inflow~, outflow, bounda111ry andl initial con ditions: The topl ant ti sie waillis of tile citanintel a re rigid antd confotirtt toI
theliesi dlimeiisionts to Withtin 0l.25i1;'. and the do-itiitiettt lettgtht wa; 1 7:0 ftlow the cthanniel jinlet. Titis shiould
he suilficicittly ilong for the chantntei tot he fully dev\etlopedi.

7. Meimsuieniciat 1 tiiiccchies: VoCoLities, werel itC&Iiiitd oUitill ;1lti11) spatial tandtlieitpol-iI resoltiliiiti Iwo colittir, twit
cmoetLDA Wei & Wiilmairth ( 1989). Thte LD smee ouic tine forttiett by erossitifu lsrbens

two grveit utilti wo blue, wititii a 50 tttictitttictei (liattieter sphere~. TIhis tritstaecs to a spatiial tcstiittions tti 2.76,
3.94. and 6.43 viscoius mtiits for tlie tliitcc Reyritiids littittit sicVs. respect ly. 'Tte flow W~5st'12IL' usitt[ 3 tnitionetimet
(hiattetei titaitititi dioxide particles. Stat isticatlly long.' titlit restii vet dlata recttrds wcre taken itt a tuitier ot distantces
ft itltilie Willi Im it eachI Reyntolds itLi lther.

Thte I L)A data tates were sufficienttty hight to tiovide Stitloilt, ittlle restlived velocity tatttittwhtichel cahied
tile etlttipttatiolt of' fuilactatiitp velo6ity spectrii. Thtis aliso eliminaittes tlie plossihitits of' velocity bi1asingv due to ttiw,
data irates. Foir ilil Reyllolds tttiliers, [Itc liigltes"t (ilta rtaes werlc otlitliitd hetwctil I/I ' 15 tind y' ;Sit50. Data
rates tenided tto lie Imil'iittriiy tit'it titoit'iiyotit thtis tepioni. Thie IOWet datltJilC OC1k". L Viiir'ii e Cliose it) tiile wall alld
at tile citaittil eelttricitie. Dl~aa was tiot taketi withl (lata atsless, tiintt 3)01(1/I. At all) tltte Re lnolds limittiits, thle
twto ?;' measurtemientts ttisest ttt tite wali aiitwar it) lie affe'tcted iiY lmw da:It~ ivi. . 'The two Cltosest dalti pointis tol tite
wat li thu111s less reliahie timit tite teCst ott(tie dltam.

8. Availuble variables: lThe stcattilwise; aind cr~oss. sticaltt velocities were tte0ýIitelrc. Mo.111, velocit, ,Itltt Reynolds
sties,, prithiIs aeitte itntlued.

9. Stor-age sizc and data fitrmiat: 'there aie Oite AxSCII d(;itt tile,, coittaitllij (lttie pt otik (Ic~ foiltt the thitte Reyntdlds
nuittiers. Tulal (Ittz si/e: Id ki.

101. Con tact person : Plot . It itl itil Wei
D~ept. Mechitiiical and Aeronoititical ligteris.Rttitpets Unisctsit\
PO Boxl 9th9. Piscataway N..1, USA
Phtone : (90)8)- 4,1 527 1 8

WtII T. & WttIsLLAtR1tt, W. W. 1 98)) Reytiolds tittitbet efltoet oil tite structiure Iill a tillrtilrieilt ehitlinet flo1w. .1. Fluuid

Alcc/i, 2041. 57-.95.
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PCH13: High Reynoldv_ Number Channel Flow Experiment

Conste-Bellot

1. Description of' the flow: 'The flow is a fully developed lurhulcoit flow in rectangular channel.

2. Geomietry: Thle channel is rectangular with aspect ratio 13.3:1 (2.4 in by 18 cim). The mecasuremnent station was
located 1225 down strewnr of lthe channel inlet, and in thle centre of the span of thle chiannel. See Cornte-Bellot (1965)
for detailIs.

3. Sketch: Nonec needed,

4. Flow c~haracteristics: The flow exhibits all thle usual characteristics of wall hounded turbulent flows.

5. Flow parameters: Thle otnly relevant parameter in this flow is the Reynolds number, which ftor thie three cases
included here is Re!b = 57000, 120000 anid 230000, or lie, = 2340, 4800 and 81601. Reynolds numbers are based
cit half-width (J) and bulk or friction velocities respectively. Thle working fluid is air.

6. Inflow, outflow, boundary and initial conditions: The top and side walls of thle channel arc rigid anid conformi to
the design widlth 0. 1 iton, and the development length was 1226 from the channel inlet.

7. Measurement procedures: Mean velocity measurenments were made with pito probes ecxept very close to thle wall
(less than 3 mm11). Constant current X-wire anemnometers with analog linearization were used to mneasure second
order moments. The linearization makes higher order mioments Suspect, so they arc not included. Thle wire lengths
arc 3rnrt and thle wires were 2 intm apart. The wire length is thus between 78 and 270 wall units, which is rather large,
especially itear the wall. For th is reason, near-wall data in nut included. Corn tc-1el lot estimates the uncertain ties
it the mnean velocities away from thle wall to be approximinate ly I %, aid 6%N for the velocity variance away fronti the
wall. See Cointe-Bellot ( 1965) for inure details.

8. Available variables: Tire strcamnwise,cross streamn and spnws velocities were mneasured. Mean, tins velocity and
Reynolds stress profiles arc included.

9. Storage size and data format: There arc nine ASCII data tiles containing thle protile data for thle three Reynolds
numbers. Total data size: 14kb.

10. Contact p~erso~n: Ilrof'. Genevieve Conite-iel tot
Ecu Ic Cciitrale die I .yon
36 Avenue (Gay tie Collongulc
BP 163-69131 Hicully Cedex. F-rance
Plione:33 4 72 19 60 10
gc 1 ()Se~lene. IIntiieallu.ec-Iyon. fr.

REFEIRENCES

CO)MTE-BELimr. G. 1965 Ecoulentent turbulent critic dcux parois paiallcles. Publicatior , Sciciltitfill les et Techniques do
Ministere die l'Air no,.419.
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PCH20: Fully Developed. atirig Channel Flow

.Johntston, 1-aleen & Lczius

I .Descrit-i ion of the flow: A simt~iIl wite r chtannecl w-a% rotated atl a eolt stant rate ahbou a a axis pcerpentdic ul ar to thie
flow d illUcI ion to generate at cori&~ effect til [lie Chianntel fll%%-W. TheIL result ing isy i illtr tin [li te flow was ex plored,
anclud ing thc cffeets oifl thc I orbitleti T.

2. Geometry: Water was pumped thioug h a chan nelI rot at jg about -an as is parallel to tile mea n (I ran ssrse) vortic it>'
in thle channel Rlow. The eltantel was L",: itt long. 0.04 mi high and 0.28 ia wide. Measuritncrits were performed in a
region 10Si lonj,.

3. Sketch: Noirc needed.

4. Flow ettaiacterisitiexq: Oti thle cen trelne, mean velo city measo icnments. at Zero tot1al ion. i ide late t he flow tO be lu1111y
developeCd.Hwser comnputed sali cx of thie miix illg length i ndil ted tilhe flo u ass sa st il dexc loip a g Existence iif a
two-dimensai ottal region, free of the itnf11uence (if' tile Side walfs, war verified. Rmi ttiott aIcts to sulppress t tuhilfenice onl
one side of the; channel m idl cethancee it ott thle oiliert.

5. Flow piaranittetrs: Tests were per formed for a range of- Reyntolds and Rotattiont ntumbters, anid data is available atl

Rcl, =5500 Ro < (1.21

H( 1, 17, 500( Roi < 0.081
where Ren, is thle Reynold,,outtber based oit hial F-widlift and b11lk1 velocity.. aind 17,, --- 2M/Ul is thle total ion nutmher.

6. Indlovv, outflow, bounadary and initial conditions: The flow- entered the channel Iron a plentito with llow Straivltt-
cracts. Meatn veIote ty meaxo rent e rts with aino iotat ion indilicated fully dceve ipcf chtann el floiw at Itie tocaSo rcenttt
legion 53 aitd 68 charnel widths frot [lie 2ntitance. However, mixiitg length Profiles indicated thtat the Dlos'wa 111TIMt
quite fully develbiped. The out Dow. eyVoit CIile t11C HisaC1121 mine a mott, was thIt ug It a perforated plate acrtoss whichel
thie presure drop s.5used to cal cu late the floiw rate.

7. Measiurement procedures: Mean velocity proMCls were IItCýISUredl by prýssitrc probes usinig a special iterative
proceduire to efed ace the svelocietiy. Floiw v is af i/ztjiiiil was em iployed to in [ci tilie state 'f thle fow- asnd tile tncart watll
turbulent StrU~utere.

Velocity profiles are available for tWO Cutitibin~it~iOiis 01' Resiilds number1C antd mint lolt rafte:

(a) Measured quatiities:

Meani prinlars' flow sc (I orii>',.U11

Local wall shtear Stress. -r,,. (inferred fronm the veloi ci tys i'as re a einuns)

(b) Me' Citslrenienl Unttertai nties. A iceeeit re-an alyxis of i lie dat :i hythe i ic ol nirs sugestsI' aaI Utncertaiinly it the mecan
velocitieS of I .5 ~.* ain(d an uncertainty in the wzil 'I xIC;ITr stress iif t '2.5V~ ,I The ai I lairs also Su~sig et tlat thes 11c at)a
be low cxi oais (See Ite RI A PMIVE aSsoCiated s- tfithi ll tat (11; il IC daie o;tt abse

81. Available variables: Me~ian velocily protilIcs antd wall Shear Siress5 Ini add it ioi ext. encisive- quola lit vis obse rv'ations
are notedi jront Dow s'iSuaiaiii/itio

9. Storage size and data format: There are three ASCII data file,;. coittaining, priofiles. two for ithe iwo Reynolds
llnubers Studied, antd Otie Coittainting thle iceltiiise vailiie, of the wsall frieti' i veliocity. Total diam sie: I 5KtI.

101. Contact person:

R E FER EN CES
it)IINs TOIN.3. P., H ALLIEN. R. MI. & LF.711ls. 1). 1901) [-l1f cc( of Sl);ti%%iWsi rOi;I! iil n Ito (IJI Ii llu i COf tIsiN-d(ii neIItSutisl
fullIy deve fopeu iubx iiiUT1 Cllt;in iteI flow. J. Flit WiMi- It. 56. 533.
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PCH21: Fully Developed Rotating Channel Fiow Simulations

Piomelli & Liu

1 Description of the flow: The rotating channel flow is obtained by imposing a spanwise rotation on a 2D fully-
developed turbulent plane channel. To attain a fully developed flow, the simulation was allowed to develop until a
statistical steady state was reached, and statistics were then accumulated. This DNS was part of a larger study on
the computation of this flow by large-eddy simulation.

2. Geometry: The computational domain was 4ir6 x 26 x 4'ir6 /3 in the streaafwise, wall-normal and spanwise direc-
tiois, respectively.

3. Sketch: None needed.

4. Flow characteristics: The flow characteristics, evident in the simulations of Kristoffersen & Andersson (1993) were
also noted in this study. See previous section for a description. Filtcrc6 data are available from this study which are
not available for Kn-stoffersen & Andersson (1993),

5. Flow parameters: The parameters for this flow are the Reynolds number and the rotation number. T'he ,eynolds
number for this flow is Re,- = 177 (based on vi, and 6, the shear velocity and channel half-width) orReb -= 2850
(based on bulk velocity Ub and 6). The rotation number, Rob - 26f/U = 0.144, and based on u, and 6 it was
1.166.

6. Numerical methods and resolution: The Navier-Stokes equations are integrated in time using a Fourier-Chcbyshev
pscudospectral collocation scheme. The skew-symmetric form of the momentum equation is employed, and the time
advancement is performed by a fractional time step method with a semi-implicit scheme. The wall-normal diffusion
term is advanced using the Crank-Nicolson scheme, and the remaining terms by a low-storage third-order Rungc-
Kutta scheme. Periodic boundary conditions are applied in the strearnwise and spanwise directions, and no-slip
conditions at the solid walls. 96x97 x 128 grid points were used.

7. Boundary and initial conditions: (a) lDonain size and truncations : Size: 4706 x 26 x 47r0/3 in the streamwise,

wall-normal and spanwise directions with a grid of: 96 x 97 x 128.

(b) Boundary conditions : No slip on the walls; periodic in the streamwise and the transverse directions.

(c) Inlet or initial conditions : Results from an equilibrium (no rotation) simulation were used as the initial condition.

After rotation was applied, a new steady state was reached, rnd the statistics were obtained.

8. Averaging procedures and :esulting uncertainties: Averaging was performed over 4 dimensionless time units,
ti, /6. The total shear stress deviated from the expected linear variation by less than 0.5%.

9. Available variables: Time- and plane-averaged data available include all the velocity moments up to the flatness.
Skewness and flatress wer. computed using only the restart files, while first and second moments were calculated
on the fly. and are, therefore, substantially smoother. Several flow realizations, either on the original grid or on a
liner mesh (128 x 129x 128 grid points) are available from the contact.

10. Storage size and data format: There is a singie ASCII data file, containing profiles of mean velocity, velocity
variance and Reynolds shear stress. Total data size: 2 lkb.

11. Contact person: Prof. Ugo Pionielli

Dept. Mccli. Engr., Univ. of Maryland
College Park. MD 20742. USA
Phone: (301) 405-5254

E-mail: ugo@glue.uoid.edu

REFERENCES
KRISTOITERSEN. R. & ANrIERSSON, H. 1993 Direct simulation, of low-Reynolds-number turbulent flow in a rotating
channel. J. Fluid Meci. 256, 163.

PIOMELI,. U. & Liu, J. 1995 Large-eddy simulation of rotating turbulence using a localized dynamic model. Phys.
Fluidt 7, 839.
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PCH22: Fully Developed Rotating Channel Flow Simulations

Anderssoir & KristeI-eSen

1. Description of the flow: The rotatitng channtel flow is obtainied by itmposinitg a sparttWise rotat iorn oil a 21) fully -
devel oped turbrhlent plane channel. To at a in a fullyI developed flow, thie simulation was allowedl to develop LInflil a
statistical steady state was reached. aird statistics were then eL omurlatcd.

2. Geometry: The channel flow bem~ceol parallel walls was simiulated in a comnputtational domain Of: 47r1`6 x 26 x 2;,6
(whcrc 26 is the channel lieight).

3. Sketch: None necded.

4. Flow, character-istics: Wi th intc reasi ng rot ation tithe velocity becomes iore asymlimet ric and contIai ns a linearilegionr
of sl ope dU/ dy ý-20 intilie cent re of the chartnel . The wall -l I aer onl thle unsi sable Side becomes tltitntic and tilte
turbuIc e is enhantced . then levels ofl arono m Rot, -0.10; a sign i Iwo t drop is not i ccl at Rol, = 0.5. Onl thle, stable
side tie wall-layer beconicq thicker. and the turbulence level is reduCedl. withIout attainingV a full relamIIIi nuriZatiorIII.

Anl interestintg observation is tile tendettcy towards, istotr(opy Of the tlrhttle tec onl [lte unstable side, dire tot tire arug-
ttte ittati on of' Jd and (ibe satu rationi oif u'2. Oil the st able s ide, however, tilft ankiotropy i tier a Sc with Hio. Another
imtportan t fintdinItg is tile exisle nce of reg ionts oftie gal i e entergy prod oction, already Itypot Iesilt.cd rot thre has is of' tire

ex per iments IAndcrsson & K ri stoffe rscrt , 1 994 ). 'lir region rlri se whtent 111C posiiott of zero to rholent stress does
not conc reide with the mtax imunt of. die nican Itv eloit y, Negative e lie rgy produirction IC ads to energy be inri ext rac ted
from thle turbulence a Itd could be ati ýnierstning test lor' mnodels

The Tay lor-OGrtIc r rolls arc obServed butt are found on se :dy, aparrt frio lthtle case Rol, =(0. 1 ii. 1 'lie iclire, no ittICmpt p
was made ito separato large scale strurctrrres frontl tire itrrbitlertee for staistical purposes. Qiralitatise dlescriptiont of
flow patterns carltice found in Kristofferseru & Ariderssrrti (199)3).

5. F low pai-anictcrs: TIhe paramet cterts ri thits fl ow tire tilie Reynolds itttiher, 16 19 1. arid tilie rot atiott numirbe r, Bot,
whic lIVaried fouil r 0 to 0.5.

6. Numerical methods and iresolution: The ernompitalirolal prinl is 128 x 128 x 128. The mteshi spacing is conmititi itt
a- antid z tat 19 and 9.5 wall uniits, arrd is stretched itt y following at tartt-ntistrilrrt ion to obtain It 0Iinitriitti spacing~ of
.5 wallt units at thle grid point next to the watt. Spatial derivatives are diselei ccl by aI 2nd order cecttrtf-(Ii flecirnce
atpproximatltionr, antdi (ie soltilion is ruare1-lted intlitte wvith it secoird-order explicit Adfaitt' Iasliforih scemete.

7. Bounidary rand inirtial coadItions: Perioditt boundar y coit Irons utre Itimposed for thne I anid ,direCtionts, reqIUIrIng
a forcinig teriti cr~trrsptrrlinL rigo art imtpoisedt Itcn piressure gradient it I

(pdjii.i'

Th'le c1)itat urs are solved] wililit a corrrputartiortal domain of : 6x 26 x 2;r6

(a) Donmaitn size and trunCationls: 'tIre for rrallv infitnite domlain itt (lte streamirkis (Ir) andi slaniwiosc (Z ) rdirecciorts are
trunceatedl to donmainr of '1w 6 x 2(5 x 2-,M

(b) Bourndary conditions: Nit slip is imposed on thle wvalls and pieroric cornditiots, arc iniprisei ini (lte Stlcanilwise and(
saptrtwise di icecLionts.

Me Inlet oi- initial condkitons: The siitrtrftiini was statrtec from at ratnudim initiA l iefri When rthe lolwl shectr -.ues,;
was lineatr acroiss the cttantnel. ,statistiCally YSteatdy tu~rhLleItee w~a` asirIteLIId. 'The Siitiul1tt ion Was thern Cort1inlirec [Orr
several large' eddy lirnitmver litimes, 6/ni As rtairuilin was citeraser. tlire presirosl resuLlts Were use(]f as tire Matrruing
field,

8. Averaging proceduires aind iresuilIng un11certa61intiS: 'fI'criglr ',C\CrAu 1IYtgeCihtv Wirniover tunes svere usedI for asv-
eragilig. I%1risniettitnrtd abotrve, tile aititriors feel (lkthis ittlt hav beent ontly rirare'iitalb rut equirate Ini soirri calsev. Thei
criticaf friction velocities; are esintiottd to he accirrate Ito wittirn 3;.; for ;ill bit Itic hiphes;t rirtatirnrit rte. A situltiaron
at zenro rotattionl rate wats performredf wIt cli artled well withr plvm, ricepted s-iritlatroits.
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9. Available variables: A variety of mean statistical data are compiled for this study including skin-friction as a
function of rotation rate, profiles of mcan velocity, Reynolds stress, and turbulent kinetic energy, as well as various

*- terms in the Reynolds stress transport budget. The individual quantities are defined in Andersson & Kristoffersen
(1994).

Filtered data foor direct use in evaluating LES is not available for this simulation.

S10. Storage size and dab format: There are eleven subdirectories of data, each with an index file describing the
contents. These atrc identified with corresponding figures in Andersson & Kristofferscn (1994). All of the tiles arc
ASCII and total about 285kb.

S11, Contact person: Prof. Helge Andersson
Dept. Appl. Mech., Mech. Engr., Norwegian Inst. of Tech.
Trondheim, Norway
E-mail: tonera @tiv81 ..tero o.unit.no

hREFERENCES
ANImIUSSON, H. I. & KtISTOrnERS1:N, R. 1994 Turbulenice statistics of rotating channel flow. In Proc. 9th SymolyOSiUl
"Tiurbilemt Shear Flow, .kyo.

KRISTOnMERSEN, R. & ANDERSSON, I1. 1993 Direct simulations of low-Reynolds-number turbulent flow in a rotating
channel. J. Fluid Mech, 2S6, 163.
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PCH23: Fully Developed Rotating Channel Flow Experimienit

Nakabsi'asid & Kitlob

I . Description of tile flow- A small wind tunnel (chaninel was rotated ilt a constant rate about ain ax is perpend~icular
toi tilc now directioti to gencritle a Coriol is effect on thie chainnl How. The resulting asymmetry in (lhe flow was
explored. incltuding thle effects of Reynoilds numher and roationon Oilhle Iturhtitenee. The Reynolds tioni1her range was
lower thanit hat of ohinston et at., and thec data (printan ly hiot -vi re) arc touch m~ore detailed and] extensive.

2. Geometry: A ir was blown throris gh channel rotating about an axis parallel to th li c an (itransxverse) vorlicily in
the chan nel I low. The c hantnelI was 2,0rn tong, 0.010 (in hi igh and 0.0110 inl wide. Measuremin ts wvere performned at a
station 361 channel half-hepigts From tihe entr-ance, where thle turbulence was fully developed.

3. Sketch: None icectdcd

4. Flow charsicteristics:

5. Flow paramaeters: The Reynolds niumiber 14-1. mu g d liomi 850) to 5000 aiid rot atiiin n umbi er Rih 4 p2
[1i?' ranged

from 0 to 0.05,17,

6. Inflow, cutflow, boundary and initial conditions: Because,; of' ilie very bugq chantnel, thle clfretive inflow anld
ouitflow c idiftions are those (ftlufully devyeloped ehanntel f low, keepingit in mid thle Reynolds na inher effecls.

7. Nk'asurenuint procedures: Velocity andu turhuteiiee profiles were meamured by hot-wire nloier.A special
curve-finling! techniiquie is Used to inmfer thle wall shecar stress. Mioth sliule and x-wires were employed. Not alt] of the
following Variabiles are. available for all conditions. Estimated uncertainties ore Ni for mean velovity ind 51, for
wall shecar stress.

8. Availablek va riables: The follow ng datta are available: nianmeai-sca ni wisetc flw vetloc ity profilesc, (].l, nouiloat strescses
< vil > < > a , turbule it stress, < vju..2 , hlocal wall shecar SISN Tes.v, (inNferrd t'romi yeIliecit y nc nsa remnte s)
and surface pressurses.

9. Storagc size and data forinmal- The dutaware sltireu in a series of xe ii fies org anai ed at o d recorlies bytl Reyniotlds
numnber of the run. For each ReynoJlds nuiihor there arc several tiles Fort di lteient rotation numiibers, and Ilir lileali

and fluactuantion quantities. Tobtal data sizie: 85 khy tes

10. Contact person:

REFERENCES
NAKABAYAS tt . K. & Kttot I, 0. 199)6 Low Reynoldts nlumlber fuily developmed two-ijiliensioaatl turhotlent 01:111110.l flow
with system rot at ion. J. Fluid Mlecli. 315. 1
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Data Sheets for:
Chapter 6.- Free Shear Flows
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SHLOO: Single Stream Plane, Incompressible Turbulent Mixing Layer

Wygniinski & Fiedler

IDescriptioia of the flow: Single streami, plane mnixing, layer. One side at rest. 1 hie boundary layers call be either
turbulent (Iripp -d, supposed to be fully developed, based onl Log plot analysis) or luoninar (aspiration is used).
Only sell preservation legion results are available. Self preservation accepted from) R,: 3 x W.

2. Geomietry: Rectangular exit, 18 cmi x 51 cmt Total lenegth available: SO) ciii. Coittractiuin 1:28. Trailing edge with
tripping wire.c

3. Original sketch

tnner side Trip wire

(outer side
A--A

4. Flow characteristics: One sticaini mixing layer. Mean velocity 12 ni/s. A 1.

5. Flow lpuiaiiiieters: Mixing layer. Sprecading, liac rill 9.

0. Inflow/Outllow/Boundary anid Iikiilal Conlditionls: hee streaml turbulence 0. 1% ill long,! velocity. Tripped bound-
amry layer.

7. Measurenmiert Piroced(ure: Mean and fluctuating longitudinal velocities are iiILasilit(I. Ilont Wire Anemometry - X
wire. Linearity assunied. Analog mecasulme men t%.

8. Available variables: Mixingj I ayci data: growth rates. velocities: U111,' 112. 1
2 , 2: .1h

2
ý Ii; 1)i

2 
,tn

tV v:,i ; 11P (+ skewness, flatniess) Dissipation termns (L"-'.)' for i -; 1. 21, 3 and j 1. 2. + Micdo scales.
Turbulent kinetic eni rg y bal ance . One (IdOOini naml spectra and two po)int correlat ii Ils(R space (a ; idl( y) and(
tiellic, :timei), interinittenicy functions. Measurciiient locationis: 29 to 80) ciii.

9. Storage size and data foririat: 'ornnat is ASCII. Data arc tabulated frman printed forms. 70f Kb.

Il0. Conltact personls:

Pr1of. 1-. lidedle
TI Berlin, liermiann 1`6tiiigcr-lnstitut
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Strassc des 17 juni 135, D- -000 Berlin 12, GCerinany.
Phone: (49) 30 314 23359
Fax: (49) 30 314 21101
E-mail: hticdlci hioho.lpi.'ru- bcrli n.dc
or

Prof. I. Wygnanski
AME dept. Tucson. AZ 85721, USA,

Phone: (602) 621 6099
Flx: (602) 621 8191
E-mail: wygy( hig~dog.cnmir.arizona edtl

REFERENCES

W YG NANSK I, 1. & IIEDLER, H-1. E. 1970 The two-dinelnsionll In xinx region. J. Flhid Alech. 41. pail 2, 327. 36.1
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SHL01: Plane, Incompiressible Turbulent Mixing Layer. Influence of initial
conditions. Vel. ratio 0.6

Bell & Mebita

1. Flow description: Two streamn, plane in ixuig layer. The boundary layers can be either turbulent (LIripp~d. fully
developed, based on shape factor) or laminar, The developmecnt of tC.e Ml, is given.

2. Geometry: Rectangular exit, 36 x 91 cri2' Total length available: 366 cm. Useful length: 250 emi Splitter plate
trailing edge: V" wedge. Ldge thickness 0.25 mim.

3. Original Sketch:

Wide angle 5000 CFM blower
diffusers 5 HP motor

2-D contraction
Contraction ratio =7.7 U

Sidesal aduUeno
prsurerainccnrotiodmnson nc

4.Fov h _ceritis Two 0tra0 miiglCtFen eoiisIM~s ts t

5. lo pramtes:Bouday uyes:Laina D: (.41(t44ili; ) .530,1,lai; b2lo/224er

6. IFloolow ow chrateisic:r' Two ntilcndtos:F streams tmixlinc laver Meainlntdia velocitye and 0.05%m. 02

in transverse ye I. In it i al boundaiy eund ifi ois are e ithcer natural (probably pre -trailsit ilnal I or toipped by nic an (o1
thin wires 15 em upstreanm ofilie trailing edge. Only globil BL palaniete 'are given.

7. MeasIEuremen p~roceduire: I-lot Wire Anlemometry - X wire. AID mecasuirements (loW freqLtiency recording). Plenum
chamber- calibiatioiu. Mean and llatiUalimll Velocities 1), V and W are ri1casured. Spamnwise variations froin 40(A to

%.dependlinig oii (list :nce andl tripping. Spanwise ave r;4ed.

8. Available variables; Boundary Layer data: U.. (j),(I
M ixinj! layer data: U./I.:._: 112, i,12, l Ili. II?
St icainwise in ixin g Live r growthl StreCam wiso (level opine111( of'in ax. primnnry turbullent st resses (4u, V2, :, W

2 ).
8 measurenent locations (cmnt: 7.8. 16.7. 57.3, 77.6, 108.1, 128.4. 189.4. 2501.3



134

9. Storage size and data format: The data arc in AS•CII ornmt . 70 Kb.

10. Contact Person
Dr. R. D. Mehla
Fluid Dynamics Laboratory, NASA Ames Rescarch Ccnler
MoffTei Field, CA 94305, USA.
Tel: (650) 604 4114; Fax: (650) 604 4511
E-mail: rlehta @aIl ,ren.sa

REFERENCES
BELL, J.H. & MIIFIAR.I). 1990 I)eVCel op1ne of a Two-Strcaw Mixing Layer fro• fripped and Untripped Bou ndary
Layers. AIAA J. 28, No 12, 203.1 20,12.
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SHL02: Plane, Incompressible Turbulent Mixing Layer. Influence of Near
Plate Wake.

Melhta

I, Flow dlescription: Two strcams, plane mixing layer. The boundary layers are turbulent (tripped, fully developed,
based on shape factor). Depending ott the velocity ratio, the wake uf the plate cani be present. The velocity ratio
ranges fronm 0.5 to 0.9. The development of the ML is given.

2. Geometry: Rccianguhir exit, 36 x 91 cin". Total length available: 366 cm. Useful length: 2,50 cm. Splitier plate
trailing edge: P" wedge. Edge thickness 0,25 nun.

3. Original sketch:

Wide angle 5000 CFM blower
Honycmbdif fusers .- 5• IP motor

2-D contraction
Contraction ratio ra 7.7/ U2

Testsect~io°n ,''<

"• .. ,, blower

91 20 HP motor

Side-walt adjustment for
pressure gradient control All dimensions in cm

4. Flow characteristics: Two sitreans mixing layer. Mean velocities: high speed side: 21 nis. low vel. side: 10.5-
18.9 no/s 0.0526 <A < 0.333.

5. Flow parameters: Boundary layers: Tripped BL (second values correspond to the different low speed side ac-
cording to Ihe vel. ratio): 6 " 7.6/8.5 nu: 0 = 0.96f0.83-0.87 rinu; I-f 1.5; (.'f = 4,/4.4-4,7 x 10 .a -O

1,300/686-1,114.

Mixing layer: Spreading rates d16 /d/.V: from 0.0073 to 0(.0318.

6. Inflow, outllow, boundary aind initial condlitlons: Irec Stream torbl u Iiuce 0. 15% in longitudinal velocity and 0).)05(

it) tratisn sclse v .l, Initial bonund ary c¢•nditioas are tripped by licans ofthid wiles 15 cin tu pstreian of the trailing edge.

Only global 13L parameter are given, The velocity ratio are 0.5, 0.6, 0.7, 0.8, 0.9.

7. •Nslcurein•it piocedire: Hot Wire Aneniontciry - X wirc. A/I) measurements (low tre(Itency recording,. I'lentn11t

chamber calibration.

Mean and fluctuating velocitics: U, V and W are nlicasurcd Spanwise vaniat ions from 40'X, to 4V, depelndin g on

distance and trilppinaig. Spanlwisc averaged dat,
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8. Available variables: Bounda(1ryt I aver (lil: .a. C(', 6, a.

Mixingr laycr data: U/U * i(!., v,/ IdI., i 1i2/U1. &/ , iiV/UI

Global paratnleter.: mixin,, laYe. giwIli. S•iieriiwk" developm.ent of miaximmi primary slrtcses (i: ;. t"•,l)

Sl eativwisc devCelopmefnl of yVelocit y defectl: (U,,-- 1'2)/(('1 C )). Vanat il il of the prlwll rate versis tile
velocity ratio.

8 nicasuremerlt ocalioriti (cm): 12.32, 73, 1II I4-1, 205, 236., 267
NB: The triple products were not given in tihc original paper.

9. Storage size and data format: The data are in ASClI firinal. 260 Kb.

10. Contact persom: Dr. R. D. Melta
Fluid Dynamics Iabhraiwry. NASA Aies c.Research Ccneor

Mofetli Mield. CA 94305- 100, USA.
Phone: (650) 60,0,4 114
Fax: ((150) 604 4511
E-mail: ielti'ha i lllail.irc.ita, s •gov

REIFEENCES
MUIITA. R.D. 1991 ElI'ce of' velocity ratio oil plane mixing l)t'er develt•pment : Infltiece ofI the splhilr uiate wake.
,xperimenl.s in 'luids 10, 194-201.



SHL03: Plane, Incompressible Turbulent Mixing Layer. Natural and Forced.

Oster & Wygninski

1. Flow decscriptioni: Tw'o streamis, plane mIixing layer. TiWO different blowers aie used. '[he velocity ratio range" trom
0.3 tot 06. Main results aro aivailable at 0.3 and, mainly. 0.6.

2. Geom~et ry. Rectangular exit 0.5 x 0.6 ni'i2. Total lengthl avail able: 2. in. CniaclO~iL n 1n I7.3 Split Icr plaite trailing
edge: 3' wedgc. Edge thickness (flap) 0.5 nim.

3. Originial sketch:

Adjusiahic top
mll botoioll plaics

4. Flow chiariacteristics: Two Sti-caiiS lxli iIQ I nyci. Meall vc Incty Of the Ii gli speed side: 1 3.5 ni/s. ( ows speecd
ad~justable fi-rom 0 to 13.5 nds). 0.25 < \ < 0.54

5. Flow paraincters: I'1lie boundary baye isae nlot examntiiiedt. D etatilled data are available at X I 100 it mm downtstreamn
oli11.1I (coniisidered as minitial : onditiotns) . Reyntolds niumiber bascd onl velocit y di lieriweie and nii milenitu i ntic kiess:
to,

6. Iiliiiow, ouffilow, boundialiiry and in1 imi conditionms: [icc stiea ii t a iblU I ce ; (t.2 %. f-lumioguiwicy ofI incait vlocity
bctter than I 0/., Initial conditions aWC givcn1 at 1(01(111nt doWnIStreami Of tllc TH.

7. NIeasinrmremnt procedurec: Hot Wi ic Antinoliei cty CTlA - X w iis. (10) k Ii) . Sam11pl in g 4kl hr.. fD tiled Cal ibrat itll.

Measnied quan t ities: Mea:n antd If tc tuiti ig v c nc ity U MIcasurcien cit errors NC OYilo U anid 2/(. OiiiV

.Avlable variables: lIitiial cond it i ois': for r = ft.01 1X [(t tii i): f/AU, W~/ AU. v/ AU.
Mixing lamyer data: Integral qu atilities (: 1); spreading rates tomi 7--- f.3 :.4.5.0
Mixiing layer velocity data:

(at r = 0)3. 0.4, 01,5. 0.6: LI /AU, oa'/ANU for X\ý 2ff., 40-. 6f0., W~t, 1f0t, 120., 41).. 1 (ff. C11. (aqdd It) ciii for
the 3 111sf ciiasc).

(bi) 0.(;:i'/A I.n/AU!2 for X -31).50., 7(1, 90., [1tt.. 130., 150).. IN). cm.



NB Detailed data with trailing edge flapping are available Mean and flucluating d&ta (it',v', w't, W.v', and total
turbulent energy) for r = 0.3, 0.4, 0.5, 0.6. Combination of 4 frequencies (30, 40, 50 and 50 1 Iz) and 3 ampliludes
(A = 0.5, 1., 1.5 and 2 mi).

9. Storage size and data format: The data arc in ASCII format Data are tabulated from printed forins. 120 Kb.

10. Contact person: Prof. 1. Wygnanski, AME Dept. Tucson. AZ 8572 1. USA
Phone: (602) 621 6089
Fax: (602) 621 8191
E-mail: wygy (dbigdog.engr.arizona.edu

REFERENCES
OSTER, D. & WYGNANSKI, 1. 1982 The forced mixing layer between parallel streams. J. lIuidMccli. 123, 91-130.
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SHL04: Plane, Incompressible Turbulent Mixing Layer. Vel. ratio 0.54

Delville, Garem & Bonnet

1. Flow description: Two streamn, plane mixing layer. The boundary layers are turbulent (fully developed, based on
spectra, Log plot , etc. analysis). Development of thc ML is given

2. Geometry: Rectangular exit, 30 cm x 30 cm. Total length available: 120 cm. Useful X range 100 cml. Contraction
1: 16, Splitter plate: I m long, 30 wedge on 50 imm. Thickness at TE: 0,3 mm.

3. Original sketch

- - ---.-- -- --- -- -.

4. Flow Characteristics Two streami mixing layer. Mean velocities 41.54 and 22.40 in/s. A =0.3

5. Flow parameters: Boundary laxyers: 6 9,6/ 6.3 mm; 9 1.0/0.73 mmi; H = 1.35/1.37; R.0 = 2900/1200.

Mixing layer: Spreading rates equivalent co~ = 10.6; d(5/ du: = 0.05.

6. hidtow, outflow, boundary and initial coiiditions:Frec stream turbulence level: t10 'A in longitudinal velocity.
Trippcd boundary layers.

7. Measurement procedure: Hot Wire Anemoometry-X wires. Rakes (up to 48 wires). Non-linearized calibration
laws, Analog Mean and rms coupled with simultaneous sampling at 50 ktlIz.

Mean and fluctuating velocities are measured] for the 3 component',.

8. Available variables: Boundary layeýr dlatt U;i ii
2

Mixing layer data: , Uj; 412; 7;2, U,2; W?
V112; vV12; u11 2 ; 112 713 ;v-; w3 (+ skewness, flatness)
Dissipation terms from spectra. Turbulent kinetic energy balance. Spectra and two point correlations.

Single wire measurements at 24 downstream locations, from 3 co, up to 1 00 cmn.

Probability Density Functions of- 2 components of velocity at X =6(00 min. PRd.f. of velocity differences, 2 compo-
nentS, at X = 600 mmn. for 3 reference positions ton the axis, in the middle and outside of the ML.). The difference
are determined for transverse (y) separation and for time separations (ott the axis otnly).

9. Storage size and data forinat: The data arc in ASCII format. 17 Mb.
A detailcd report is incluided in the present database in Postcropi (1)1D1) format, inclttding drawings andt~ discus-

Not provided here, but available, huge size for raw, data, see ERCOF17AC data bttsc (typically beween 20 and
100Mb).
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10. Contactpe)rsofl: Di- J. Delvilke
IAFA-CF.AT. University of Poificr;, 43 rue de tA'nnrodrome F-86010 Poiliers cFede.\ Franee
Phone: (33) 05 419 53 70 5?
Fax: (33) 05 49 53 70 01
E-mail: delville @~uniiv,-poitie[rs.Iri

REFERENCES
DE-LViLLE~r, J . 1995 Ldcinotni rnnauemx valcut s proprese cI'analys de(clTa1si o tiinnincl c
dcoulenicnts Itirhuleilt cisajiks lbrcs. Th~sc, Uniiv. Poit icts

DE~LVtLLE, J., BEtLLIN . S., GA iliN1I. JH. & BONNLI J .P. 1 988 Analysis of struciuics in a turbulent a turbulent plane
inix inp Liaver by USC of' a pse udo -flow vi su a Ii .aItion method based hot - wire anemoin inety. A dman rex in 'Ftt Ibulenc 11,
Fetid mu, and Fied Icr ed s., Spm] ger, pp 25 1.
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SHL05: Time Developing Turbulent Mixing Layer Simulations

Rogers & Moser

1. Description of the flow: The 11(w is it fully turbulent timie-developing mnixing layer. Initial conditions arc taken
from two realizations of a parallel turbulent boundary layer. Three cases are included that differ in tile details of
their initial Condition,, (See § 7).

2. Geometry: Thle tinia-decvoping mnixing layer is spatially honmogcrneous in the streamnwise and spariwise direction.%
and develops in anl infinite domnain in the cross-streami direction, with thle laycr thickness growing in timie without
bound.

3. Sketch: None needed

4. Flow characteristics: The simulated turbulent mixing layers evolve through a "transition" pcriod inl which thle
boundary layers turbulence provided as anl initial condition is changed to turbulence characteristic of a mixing layer.
There is clear evidence (Rogers & Moser, 1994) that during this transition, thle layer undergoes lKelvin-Hl-hiholtz
rollup, though thle rollers arc far from- two-dimiensional in somne eases, As thie layer grows, so do the rollers, which
have been observed to pair, at least locally. Depending on the ease 'lie rollers mnay or mnay not persist throughout
the simiulated development (see Rogcrs & Moser, 1994). All except Case 3 evolve thirotigh a period of self-sinlilar
growth (See table 5).

5. Flow lnurameaters: Thle only relevant parameter in this flow is the Reynolds numiber. Flow quantities are nondi-
niensionaulized by thle initial iunorentuni thickness 6,and the velocity difference between the two-streamns of thle
mixing layer AU. In these unit,, the Reynolds number of oll three eases is 800. The Reynolds numiber based on the
(evolving) mnomentumi thickness grows to be as large as 2420.

6. Numericul methods and resolution: IThe numerical mlethod used inl these simulations is that of' Spalart, Moser
& Rogers (1991 ). It is a spectral miethod inl which the stream wise and spanwise spatial variation~s arc represented
using, Fourier series, and the cross-streCaml dependence is represented with a mnapped polynomnial expansion based onl
Jacobi polynomials. The formially inholite cross-streamn (y) direction was mappled to thc interval ri C (- I) by the
mapping r, = tanh(y/yo). See Spalart et (it (1991 ) for details.

Both tile mapping pararriecir, 1)(1, and thle numIiher- ofFourier and Jacobi polynomial modes in the representation W_,
N,, and N., where 2! and z and the streamnwise and cross-streamn dii ections respectively) were varied through each
simulation as thie Reyn(,lds number increased. The variation is shown in table 6.

7. Boundary and initial coinditions: The i formallly infIiniite bom loge neous streamnwisc and spantwise directions are
tru ncatedl to a fi n ite size and periodic bonu dary conmdi tiotns arc iniposed. The dornaini sizes are 12 562 and 3 1. 256ý),
inl thle Streaniwisc and spanwise directions respectively, where P, is thle initial miomentumr thickness of' the layer
(.See Rogers & Moser. 1994). Intilte cross streamn 'irection, thle conditioiis are, that a(y) --s ±1i/2A[/ as 11 -+ -±(K,
where 71 is thle streanliwise velocity coniponent and all other velocity comnponents go to zero. AU is thle free-streamil
velocity difference.
'Thei initial Conditions for- thle siniu Iat ions Were Constructed u sinrg two realizations of' anl incompressible turbulent
boundnry layer computed by Spalart ( 19809). The miorrenturn thickness Reyniolds number Rco of the boundary layer
wils 300, and( in thle uiiits of thle muixinmtg layer sinvul 'i ills 0 =, -".. if the two boundary layer velocity vector fields
aire written u ,1 :(, ?1, z) ald U-Z (:1, -1, z), where t0 < cio,~ -L,1/2 < x: < L,/2, and the wall is ilt -j 0. Then tile
basic iniltiall condition lielId ii, (;I:, Y,. z) (,or casc I t is given by

L -u2 (.-x, -y 11 ) Y < (I,

where XI is a reflection operator that chang es thie sign of I le xr and i corniprncrits of* il vector, leav Ing thle zcomlponenlt

uncht' oged.

The iniit ial omndititiot fields for- eases 2 iand 3 (u2 il an u1 .esrnccti vcly) .,,- conlstructIed fromn those oif case 1 1by

yz)v'rr, Yz 11 (x fL. m J3.)dZ
L;*
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SSelf-S irnila r di(S,,/ It
Period

Case 1 0 105 < t < 150 0.014
Case 2 4 100 < t < 150 0.014
Case 3 19 (80 < t < 125) (0.017)

-'able 1: Case information for the mixing layer simulations. Initial condition paianicler " is defined in §7. The growth
rate d6,, /dt is for the self similar period. In Case 3, there is no convincing self-similar period, the growth rate and period
"shown arc for an approximate similarity period as diseussed in Rogers & Moser (199.1).

Time N, × A'x x A'N .1

Case 1 0-34.9 256 x 120 x 128 4.0
34.9-87.3 512 x 180 x 128 4.0
87,3-104.2 512 x 120 x 192 4.0
104.2-150.0 512 x 180 x 192 6.0
150.0-187.5 512 x 210 x 192 6.0
187.5-250.0 3841 x 180 x 128 8.0

Cae 2 0-77.9 256 x 120 x 128 4.0
77.9-150.0 256 x 180 x 129 6.0

Case 3 0-17.3 256 x 120 x 128 4.0
17.3-85.4 38-1 x 120 x 128 6.0
85.4-175.0 384 x 160 x 128 8.0
175.0-250.0 38.I x 220 x 128 11.0

Table 2: Specification of numerical parameters for tintte developin o tnirbhaicnt mixing layer sittulations from Rogers &
Moser (1994).

S(r1., Y, ) 7 ',z),

where -,j = 4 and 19 Forj 2 and 3 respectively. The initial condition fields provided wiith this daila asc include
boundary layer realiz ations similar to those used for in itial conditions here.

8. Avexraging procedures and utncertainties: All tile data provided front these sihtnlaitions is ohtainedl by computing
tie appropi iate quiantitics fro(n the simulated velocity fields and averaging in the homrogencous spatial directions ,r
and z. There are three sources of uncertainty itt this data. First are the numerical diserclization errors intlodu.cd
in the numerical simulations. The simulations were done with great care to ensure that the disscretization er'rors arc
negligible (Rogers & Moser, 1994).

The second source of, uncertainty is statist cal. which arises from conputing t[ie averages over a finite donlaini size
for a single rcalizatitt. An eslinmatc of the magnitude of this error can be ohia in d by realizing th at the ideal profiles
will be eidtihr cven or odd in I. depeniding on the quantity. Depart uic fe Imi this ide al behavior provides an estitnate
of the error. In particular, if thc profile if a quantity q should lhe even (fit r cx arntpIC), tte Itilte tlagtiluilC of the odd

part ((q(y) - q(- !))/2) relalive to the even part ((q(yj) + q(y))/2) is an esimnatc of the relative error due to limited
statistical sampling. Such estimates can lt computed fronw ttte data provided. Also, if thie measured quantities arc
considered to represent the evolution of this particular Hiow. with these particular initial conditions, then there is
no statistical error. H-owever, it is not clear how comparisons to LES can be nmade ii tlhis sense, since I.ES is only
expected to be valid statistically.

The third source of uncertainty is due to the finite domain sice of tle nmnerical siinilatli(m. However, if an LI-S is
d(one in the same domain with the sanlte periodic bountdary conditions, Ihcn a Conmparisotn call be made widlhout crror
thue to the dotmaitt size,

9. Available variables: For cach of the thrce cases. da.la is provided at several times thtough the evolution ofthe flow,
as indicated itt table I. Given ar, the mean velocity (;(!.). t(ie velocity varianccs (02. V'., 1.'j), and the Reynnlds
stress 103.

In addiitiin to this dala ilt discrele litite;. thc tie L e evolution i t the n10Ttio eti it (ll t Id v ic-i0iiy thickness is prOivcI (I.

',if
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10. Storage size and data fortnat: The data is in ASCII files, organized into directorcs according to initial conditions.
Total data sizc: approximately I Mbytc of total storage.

11. Contact person:

Michael M. Rogers
NASA Ames-Research Center, Motlett Field, CA 94035, USA
Phone: (415)-60)4-4732
E-mail: tnrogcrs iýns.nasa.gov

or

Robert 1). Moser
Dept. Theoretical and Applied Mechanics, University of Illinois
104 S. Wright St., Urbana, IL 61801 USA
Phone: (217)-244-7728

E-mail: r-nmosertuVuiuc.cdu.

REFERENCES

RoEitRS, M. M. & MosEt, R. 1). 1994 )ircct simulation ol a self-similar turbulent mnixing layer, Phys. Fluids 6. 903-
923.

SPALART, P.R. 1988 Direct numerical study of a turbulent boundary layer up to Reo = 1410. J. FhddIMcch. 187. 61-98.

SPALART, P.R., MOSER, R,.D, & ROOERS, M.M. 1991 Spectral methods for the Navier-Stokcs equations with one
infinite and two periodic directions. J. Comp. Plhys. 96, 297-32,1,
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SHL06: Plane, Incompressible Tulrbulent Mixing Layer. Influence of External
Turbulence.

'Javoularis & Corrsin

I . Flow deiscription: Tv'o-sieani, planle Ilixiqii laver. Tile mixing hiyer develops within a significant Imurbulence level.
Thie develpc 10 i lC i fthe ML is gi eiis.

2. (.eometi-y: Square iest sectiion, 30,5 x 30.5 Cii12. Tiliil leiigili awailible: 330 cmi. Contraelinol 9J: I eore thle
chiannels and( turbutlence 1!eneriiiiirs. Fli ol' (i te Iwo streanisl originated ;I[ tile otlets(- of' live parallel channls.ck
equipped witls line-osesh screenis al their upstreCaml ends and tudirlrlence 01ii1liaiieln rod'; a1 thle ii (owil~enslil enids.
TheC solidities and nurib1,ers ol'tlu, screens Were adjustIed to produce tile desireCd ilieaii velocity r-atio.

3. Original skette,.%

\% -T -- ~boundaryjlayer U

U .~ grid turbulence

h _______ shear layer

4I. Flow chai acleristiesi! 'lwo-streaii, illixiiig layer. Meanl velocities 1) mls. 2 1.4 m/sil A (10.36. TheIlo 11WoutSide thle
nli~isiig hiyer reCsembIled jilid-geC1iated Iturbulenice, With) near. mv shear stress, and ieadiy eqiial. deeiyrguorInitil
sircsses. Although i itepral lenglth scales0 ill the 'gr'id W11le licie" revions have oim heinrij reported'l. ie Imay roughily
estimate their inliti:il values bsy fsail thICeliatitict Sine ( 5IS mm,.

5. Flow pa ramete rs: Reyniol ds nuns ei based oii vorlicity li ic k ness: Iiu ii 4.5 t 83 10''. Mixsinig I aye r spiemikiul! rate;
a = 32.

6. inflows, outflow, boiinda rs' and inlitial Cond it inns.: Ty p cii III rho lea e e levels 'I"' of hIca) Tle al iiVel city, in loit cr
(resp. 2.S 'Yf mid 5 1Y isl terns ol onv. vcl. 15.7 mIs/).

7. Measuremmsit procedure: IHoit Wi re Anemomi irs Ci (IA A. pim- shi ii:c and X wires. TIwo SitsglIe wires Ifor space
correClationls will) 0.1 miss1 accuracy ill space. No infiirrrnatiol on1 c;Alibril(l npi)iOel-Mirc. MeursMinid qJUantitieS: Meanl
VlcitieCs Ui. 'Ilurbulent dlam; 2 coisponens. Space corielaftimis for 3 directions

8. Available variables: Near thle origin (no splitter plaie). x 3(0 cm: 11 (ni/st. o'/( ' '/ ,:n/i

Mixingý layer dvclCopiiicrit; (.,/A[ ', lir'I- " I/At *, ifl/A( "

Three deliailed 11iiicasureriit loeaitiois (cmi). 76.2 (2.5 hi); 122 (l), 169(ii5.5)
AuiocoreielaiionN hor somse y locaiioris (asm." iritei iiie arid edgle) lIm x =761 cii. loniiiuidiiial. traiskei ,e and sheat

stescolispoileits".

"owr-pii"is crrel a'ions fo"sioe "I oaj is (i ... ise""'el aiid ege) firi N 76 Ciii. 10liIIIeirrliII;L, ii,11iNVisve and
shearl stress eoilojroiemv. with "Ceiaratioll ill X. v arid di tcimirsiiii.
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9. Storage size and data formiat: The data are in ASCII Nrinmat. 40 Kb.

10. Contact person: Prof. S. Iavoularis
Department of Mechanical Engineering. University of Ottawa, 770 King Edward Avenue
Otitaw i, Onlario K I N 6N5, Canada,
Phone: (613) 5625800 ext. 6271
IFax: (613) 562 5177
E-mail: tav ((-eng.uotlawa.ca

REFERENCES

TAVOUIAIIS, S. 8&. COIRSIN. S. 1987 The Structure of aTurbulent Shear Layer Embedded in Turbulence. Phys. Fhids
"30) (10), 3025-3033
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SHII~O: No-shear Turbulence Mixing. (Vel. ratio 1.)

Veeravalli & Warhaft

I . Flow descr-iption: Mixing botween two turbulent streanis ol'sanicl velocity huti dfii Irenlt chiaraictelristics. I'he flow,
is created by two sets of grids (or perforl irtd p1jales) Witlli sjume Solidity hut di fleremi spacings. The mi xinig l ayer
develops within a1 siLn ifiN11 an(otUrbtlen ccc lete (0t. I 17 to 21/; ). The do evelopment of thle Ml, is givenl.

2. Geometry: Square test section. '10,6 x 401.6 cm2. Total length availohle: 425 cm (I. selful length: 253 oir 168 cim).
Three grids Or perforatud plates: 3.3:1I 8.9:1 and 3:1 (so]lidity 0.3). No splitter ptate.

3. Original sketch:

Y Homogencous decaying Y M
Iiirgc-5caic region0. 

6

U u' Mixing layer- -

j X Homogm-n~ous decaying
Siludl-SCUdc region

4. Flow Characteiristics 'Turbuolence' mixinog layer. Meain s elocity 6 rn/s

5. Flow, paramete rs: *Ithrevwses (itLu rho nc ec data ;ire avail abltc. Reyinold~s no biihrs: iiicant (C ridls s i ,. ): fro 1oI744 t
1 5 539 'IurbuIc e (TlaylIor m ic rose ale): hm1(1 to 96.5

ft. ini11lOW, IMuiOW, boundary and initaai conditions: Tuirbloence levels i oto 0. 1 Q, to 21;,

7. Mecasuremrent procedure: Hot Wile Aneinometry ("IA. 3pmt- X wires,. Smntplm01 45 kil/. Measum ed qaloaiities:
Mean Velocities U. TublenaIcit dlit a: I Coipnn P tiCii. The hillor oellc it V is beter than) 5"' 1 aVera cc 2 '~)out sid o(IChtt e
ML,

8. Available variables:

Global Hlow piiriiteters mre pivei alth(le firmi dowilsrncam locatioti k,(, ittigril lcttgil., R,. tiomitlerIs ecI. Decay
itttc,ý 11trOtvolutlion ohthalf Width thickness. 1"ttlttioti ol th iltwonIill t111C scales, We~illoct V pOLiohl PiOdthc-
tiott/(i. patioti ratio. RMS of tile thre-e veloithy Comtpotnent, hot 3 L1%lowý(Ttsrett locaitoti )htservationq oin approx. 6(0
eml (of, order ol SI) meshes.). I liglier orders itomviietti (3 and 41 lor tlie ithree Velocity COtpoMetttCIA alid three locationis

9. Stor-age size und data formal : Thie dat a re ini ASCII hotitiat. D ata arc tabulated loot prinutedI lotiii. 61) Kb.



A47

10. Contact person: Prof. Z. Warhaft
Cornell Univ., Sibley School of Mech. Engg., 244 Upson Hall
Ithaca. NY 14853-7501 USA.
Phone: (607) 255 3898
Fax: (607) 255 1222
E-mail: zwl6@cornell.edu

REFERENCES
VLERAVALLI, S. & WARHAFT, Z. 1989 The Shearlcss Turbulence Mixing Layer, J. FluidMech. 207, 191-229

VEEHAVALLI, S. & WARHAFT, •,. 1990 T"hcmal Dispersion from a Line Source in the Shearless Turbulence Mixing
Layer, J, Fluid Alech. 216, 35-70
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SHL20: Supersonic Plane Turbulent Mixing Layer, M,. = 0.62

Barre, Quint, Nienaa & IDussatigC

I Flow desc ription: Two strteamo stipe rson ic/so itsonl ic. plane minxing layer. The hou ndary layr- in (lie supersonic
strcamn is turbulent (fully developed, based oil splcelra. Log Plot , CI. armh'sis). Development of the Ml, is given.

Two set of data are provided. They correspond to two sli thi different arrainnenenis of ai wind tunnel. The reSUlts
obtained for tile common data are COMInparhiC hut nlot exactly identlicall The data Provided ilre Complemientary. Tlhe
use r t hcni should co nisider tlic two sets% oif resuLltl as inde pendenit f1low", onie ss some ave mu log pr~oce~ss (not proc ided
by tltc authors) can be used to collapse the dama.

2. Ccoinetry: Rectangular exit. 15 cma x 14 cm.

Thickntess at TL: 2ý 0. 1 to t.

3. Original sketch:

T , / / 7

..- 95 mum

Pourousi , rJ- - - -
bronze plate

4. Flow characteristic's: Two stream tinixoig layer. oine side sitpersoliic. tile oiele milbsoniti. M;ieh nunibers, stipersonic
side: 1.79; Subsonic side: 0.3. Convective Maclh Number: (0.62

5. Flow pa ramenteis: Low ~ p resuso re ill igi chant b1el r .C ( t 1Wx I I T'i urbulent bc ii1110( ty lay cil (intte supe rson ic
streami: 6 9.7imon; .78mon; C.' = 2.0t2 x1 l Rt -; 1,57x Y.ti(. (Ver-y thinl hounm-cty layer oil the sullsonic
sidle, typically less than I mmi)

6. infow, ouill0w, boundary a~nd inithai coon it tons: FIice re un o to rhoci ewe leve: su peron ic Side a/('

(0.3%, subsonic side -7,, 1(t rl - U.) IX 1

7. Mea~s remnwit p rocedu re: No~t toube. i Co111iptatc po b i C ode(onustait Curii~e i Antcut iin telry, s oft'e wire. N ide selm pit-

lion through Morkovitis (19 56i) fluctualilil diagraim (1H oserlicatl ralios. Mciasured linimntiiies Me;ir and 1itimmlt:iini
longitudinal velocities. it?) eomiulilcilt through tile;)[n 10iTioroilto haloncL' The itirbaletit heam flux i thiProvi(led

8. Available variables: BOotldilry layer daita, 5 miint upstican of tlie -E. ilt the suipersonnic side and Mixinp layvi doat

Mean WIlItCS, (diotllIsiond1 data) P/I'',7 U /1, pa, Re, Ent1lolly, Viseosity'.

FIuctuat~ions diiusotls dtt 7 :Amp,)' /( 2.) i'r, ' /,I P1, 1ii/( h,: poii' (jindircci) 'Ith
Strong Reynolds Atlalogy (Motkoviii 1962) ((,-f P(,/ )/1/)is also testIed
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Measurement locations: -5' 1; 8; 16; 32; 64; 80; 100; 120; 140; 160: 180; 200 mim.
N.B.'t'wo-point statistics will be available under request to the contqct person.

9. Storage size and data format: The data are in ASCII format, 180 Kb.

10, Contact person: Dr. JP Dussauge
IRPHE-, 12 av. G6n6ral Lcclerc, F- 13003 Marseillc France
Phone: (33) 04 91 50 54 39
Fax: 04 91 41 9620
EI-mail: dussauge (a)IIarius.un iv-ntrs. fl'

REFERENCES
BARIE, S., QUINI., C. & . DUSSAUGE. J.P 1994 Compressibility Effects on the Structure of Supcrsonic Mixing Layers:
Experinienlal Results. J1. Fluid Mcch. 259. 47-78.

MENAA, M. 1997 1-'ude experimentale d'une couchc de mdlange turbulenie supersonicjuc et analyse des propridtis de
similitude. PhD Thesis, UniversitW de Provence.

MoIRKOVIN M.V. 1956 Fluctuations and Hot-Wire Anenometry in Compressible Fluid. AGARDograph 24, NATO, ,lune
1956,

Mo, iKOVIN M.V. 1962 Effect of compressibility on turbulent flows Colloque sor la mtcanique de la tur buleTce, Cullo-
qucs Internationaux du CNRS 108.
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SHL2I: Supersonic/Subsonic Plane Turbulent Mixing Layer. M, = 0.51-0.86

S.an1itnv & Elliott

1. Flow desetription : Two stryeam0 supersoniC/sLO bS OtiC planeC o iXig ncr. Thei bound ox(IM layer inl the su pcrson ic
st ream is to rho Ic nt (full y developcd, based on spectra, Log plot ,etc. ana:l ys is). Dcviiipne n t of' (lie Nil. ik Viven.

2. Geometry: Rectangular exit, 15 cm x 15 cm.

Thickness at 'FL: 0.5 mom.

3. Original sketch:

m3 U,

4. lelow clotic tei-ist ics: 'Iwoi trca in IIIix ing layerone sidesti pcrsomi c.the otheri subsonic. MaichI tonulie vs su pe rsoi tc
side: 1.8; 2.; 3. Subsonic side: 0.15. Convective Macit Number: 0.51;0.6.1 0.86

5. Flow pavaincter-s: H-ighi presutre settlinog chambher ( 2.615 x IW t~)~ a. oT11bnieio bound;ry iaýcis ill th1C super-sonic
sireant (Macli 3: Al,. = 086): (5 9 .2iuo; 0 =0.75oioi le,; = .1.0 x It)1, (Mach 1.X A,. 7-0.5.1): (5
8mm; 0 : 0.5; Ho z-v 2.15 )( 10)~
The boundary laycis il thie sotisanie stre;nt ire %'ery thlin (typically less tita1I oni

6. Inflow, outflow, bound n ula and initial Conditions: rec Scntr~li to rhoC1C I c nec ll: SUpe SOtiC iOc ido/ ('2 ~) <
M% sub.SOttie Side (7j,/(Vt - U-2) < 0.5(X.

7. Mcatsurenient pr-oceduinrc 21) Li V 20418 sam npies. M atens qucl iant tics: Men11 !ii d 0 ICW~ite t a iti yeh IteS U ai1d V.

8. Available variables: IBouttdnry laer data. Slipersotte side toi Al,1 0.51 andi 0.86, Mixinv laver data: );) n: )'
)oj; letopcrature; Macht, RCYtto1liS. (5; (5,: Or; etc...

;, i t",1'-; uo,1:; 41111.: f7hu; 11:, i; 1. ; r,: mleiric antd itiil!-(lnietisionatlizedl).

Measurenient io~licjoits: 60; 120. 150; 18)); 2 10 non, for Af, 0.5 t. X 121); 150; 105: i180 mint for Al, 0,04. Xz

180; 2,10; 25(1 mtll for Ifl. =0.86.

9. Stoi-age siic antd datta fuinmtiOt: 11.The i da ic itt ASCII lu riot. 80) Kb.

1 0. Contacet person: Prof. Ni. Sn mit ii

Dept. Mechl. Lit)!).. Thte Ohio State 1, iiiv. 206 West:" I gill mo.
Columibus, OH- 432101)- 10)7,. 1SA
Phonte: (6i14) 292 69)89
Uax: (6 14) 292 316.1
E);oail: satinity. IQ (ostietii
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REFERENCES
ELLIOTT, G.S. & SAMIMY, M. 1990 ComIpressibility Effects in Free Shear Layer, PhIs.. Fluids A 2(7), 123 1-1240.

SAMIMY, M. & ELLIOT'IT, G.S. 1990 Effects of Comprcssibility on thI Characteristics of Free Shear Layers. AIAA J. 28,
439-445.

SAMIMY, M., RLEDER, M.I. & ELLIOTT GS. 1992 Coaupressibilily effects on large structure' in fice shear flows. M.
Samirny, Phys. Flhdds 4, N. 6, 1251-125X.
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SHL22: Supersonic Plane Turbulent Mixing Layer, M,. = 0.525-1.04

Bfonnet, Bfarre & IDehissdiop

I .Flow description: 'iss -Strcanil~ supcrsonic/suhsonic, plane nminc tInver. Hlic boundary ittyCl cin thC Slipersotic
Stre ant I is h 11-IC lit (fully CiCVye lped. based on sponee . Lo g phlot .etc. anliy si s). Dc celop tieni of [ii e Ml- is giveni.
N.B A f'ull se; of expeirimients arc oltained at coln\eCtiVe Mach numb11er 1.0-1. wiuth a prcssiairc dIrop, see hits( referene.
Data not pr-ovi(;cd hicre hut availiihlc upon request.

2. Geoinetry: Rectangular exit, 15 emi x 15 emi Totail leneath available: 50 Cml.

Splitter plate: 110 cm long. 5' . hickness at TE: 0.3 mm.w

3. Original sketch:

Sonic throat Supersonic nozzle

V Supersonic side (1)

4. Flow chu tact jitritiCs: r'IVO tu1call Iii in i o liver, II iw sitv Iuc 51 eonic. the icitt iersuhson i c. Match Iiit ii ers. supersouiiic
side: 1.48: 1.05: 1.76; 2.i 3.2. Subsonic side:

0.2-0t.4 Convective Mach Ntiiihcri- 0.525: ((.535: (1.58: (1.64: 1(.01

5. How paramneters: Hi zli lvessi i c setlintg c hanihewr ( .1 x I W to 1 2 x I 0TPo1). TUI-hU ICii oti r lilve.- illi the
snupesonic streamn 6 ( l2iiii : 0 = .97: .96: .9G: .76: .66',iti: flý 6X .G; 8.61 1li; 6..8: 6.3 x 101'. Ch
h~ounrclary layers ii tlie sub son ic sidc tire vcrv thiin ( t picall less thatn I linto .

Mixing l ap". 1 oretudi ng r-ates dpe pl ti oil coinvective MIach ltiltither.

6. finfluw, outI~ov. bounda ry and initial coridillions: F ree St rc it turblerinI ce level: sit person ic antd subhsoinic si tIes

7. Measurenient procedure: I user Dotppler celocinictrv: ONFRA Systcni tmid Aerornctri-is sysiem .SiO. sceuintip.
Measuired quantities: Mean and1 Ilueloutting veloeitmeýs (2 cm~nrniqoiit). MeistircimerIt error-s are cslintatrd to I vu in)
incati and 4 W. itt mos.

S1. Avai~llmle variables: Btoutndary laiyCr dLttNi. superCISOnic side lot MI = 3 Of, ý. i .01): 1. ur:ic I.

Mixing laver data: I sD lt, ' 1 n 'I TemperCature: Macli, Reynold4k. in. 15 tSm , ,ro etl
-U,2u ; i, 2. litT: 1:o11 1,1i1 11.; imi; (+- skelsc less. flatness)

Measurentent ltocations 2 1(0: 71):1 125: 1501: 1 M 21(0: 2-10t. 20i5: 295. 320 timi

9. Storage size ind da ita forn ia The dat: is itt ASCHII itri t i . 3011 KI1.

10. Contact persons: (Jr J.P. Bonnet
I ACA3 niversity ofiPoi tiers. 43 itie tc I -A~rofromiie. F-960(16 Potiiers metlx Frnce

Phone: ( 33) 0.5 4L1 53 70i 31
Fax: (33) 054d)53 70)101
L3 tutu) : botnnet (au tiiv-Jpoitiicrs ir
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Dr S. Barre
LEA-CEAT, University of Poitiers, 43 rue de I'Mrodrome, F-96036 Poitiers ccdcx France
Phone: (33) 05 49 53 70 05
Fax: (33) 05 49 53 70 01
E-mail barre @univ-poitiers.fr

REFERENCES

DEBISSCHOP, JR.., CItAMwU.ES, 0. & BONNET, J.P. 1994 Vclocity field characteristics in supersonic mixing layers.
E.x. Thermal and Fluid Science 9, 147-155.

BARRE, S., BRAUD, P., CHAMBRES, 0. & BONNET. J.P. 1997 InfluCnce of inlet pressure conditions on supersonic
turbulent mixing layers. EVp. Thermal and Fluid Science 14, N. 1, 68 -74.
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SH1L3O: Round turbulent jet

Hussein. Capp & George

1.Description of the Hlow: Axisyninmetric ci (I schta rg i a from a circutlar o tfi cc intl -I large room withi stag nanat air
Only the sctlfprescrving far-hield is of inlcrcst herec.

Figiure 1: Flow1 confltipuratiliin

2. Geometry: The o~nly geometrical paraitieter of interest; iii hle case of anl axsyin ttlitric jet Issulig Into nomliinally
intinite surmlnloldings is thc exit diameter D ) 1 inch (= 2,51 cmi).

lIII reality. tlie rooml Into WhtichI the let dischtanrges is of1 Iml i siue htI( [lie c tieIIsi re was; kept acge andit d e sipnc tioi
minimizel[liZte hackilulw mlotulettum (Fig. 2). It Should be noted 1hat thejetdCl lilt issu;Le 1fiom1 an1 orifice inl the wa'ýll
but the exit is 34 hI frotm thie end wall. The eclCosuire has a1 16i x 16 ft cr~oss-teciltio and is 82 ft long.

3. Original sketch

10

16

Jet -
origin -- _____

0.20

- -82-________________

Figure 2: L~ayoui fljet facility (dinienision'. in feet)

4. Flow characteristics: Alter an initial dculevetpiteii region. (lie flow develops self'-pieserivitig heliaviiiti: the jet
Spr-eads li neatly with) -]. i.e.
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where r51/2 is the jet half-width defined in Fig, 1, and the vclodt i) on the centre-line U, decays as

(Uol/U,) = -1::D- xio/D) (here B,, = 5.8)

where a:(, is thc virtual origin of' Lhc jet (here rzolD ; 4). In the sclf-precserving region, lateral profiles of' all
quantities at various x collapse when made dimensionless with thc local ccntrc-finc velocity U, and the downstrcam
distance. from thle virtual origin. :I - a:0, Or alternatively the local jet half'-width n.Hence, only similarity profiles,
thle spreading rate dr1112 /dx and the decay constant 13u need to be given to define tile jet bchaviour in thc self-
prescrvinlg region. The mean velocity U was Found to be self-similar for a:/D > A0 profiles of the turbulence
quantities measured at x/D = 70) and 100 were found to be sell-similar (measurements at x/D =70 are presented).

S. Flow parametcers: The Reynolds number based onl the cxit velocity U0 and the exit diameter D is He =UOD/v =

0.55 X 101. The exit velocity is U0  56.2 in/s and the turbulence level in the exit flow is 0.58%/..

fi. Inflow/Outllowflloundary and Initial Conditions: The mean velocity and turbulence intenlsity across tile jet exit
was measured with a hot-wire probe. TIhe boundary layer at the jet Ilip was lamlinar with a thickness 6,M) = 0.7 tmil
so that the exit profile was near top) hat. The momentum flux in the sell-preserving portion of the jet is 85% of the
momentum flux at thie exit.

III anly case, thle self-preservinig state of thle jet should bet indep-endent of thle inflow conditions.

7. Measurrererit p~rocedures: Velocity measurements were carried out with stationary hot-wires, flying hot-wire and
a hurst-mode Laser-Doppler antemometer (I.DA). The hlot-wire-anemomecter voltages were digitized and processed
Onl a computLI er. l'the stationary hot-wire has limlitations in this flow since thle local turbulence intensity ranges frum
301A at the centre-line to a value above 100% towaids the edgec. The flying hot-wire is nioved with a velocity of
7.5 in/s so that the effectiv'e turbuleceit intensity seen by the wire is less than 12% at all locations. A two-channel
LDA was used working in thle back-scatter mode with frequency shift. The signals were processed with a counter
usinig thle resident Lttle weig htinm g technique. The resulIts obtai ned with tlie flying hot-wire and the LDA are very
sim iilar but distinactl y di ffc rent fromt those ol'n i mei with] a staltion ary hot- wire. Because of the problemnsof stationar'y
hot- wires ill hi gh -intensity flows, only the former rcsulIts will be included here. Tilc quantities measured arc the
mean velocity, thie Reynolds-stress components, thle triple correlatiotis (second-order moments) and the dissipation
rate Oil thle aSSUInlptiOil OIf tile turbulence being locally axisymometric. Balances of the turbulent kinetic energy and of'
tile individual Rey nolds-stress comTponent~s were construý ted f-rom these measurements.

No exp1lic it iriltorniat ion is given (on the measuremnent errors and uncertainiities for the various quanti titeis The mea-
sured shear-stress distribution agrees% well with the distribution calculated fron thie mean velocity and Ilke spreading
rate, giviig conhidenee in the nicasuremeeillso(ifthe secotnd miomlentsi. The stress-es are generally higher than measured
previously with stationary hot-wires andc in) thle otuter region they are also hi gher than the mneasuremenats obtained by
Pancliaplakesa n andI LumlIcy (1993) with a moving hot- wire, but in a jet whose R~eynolds number was simaller by a
factor ofi 1t. There are soIIunic inertain ties about the me asure tile tilts of the di ssi pittion rate, lead ingp to a fairly large
pressure-diffusion terml near thie axis so that the balances presenited are considered less reliable and are not inicluded
in the data provided . They canl be oIbtainmed from the original paper.

8. Available variables: Spreadiing rate drii 2/rix: = 0(19.1, decay constant for centre-line velocity 13, 5.8, similarity

pr otiles in anai~lyticail form of' UIUC. 1,2 a' /[!,, Z,11 /Ujý,.1,12  /U~, u'v'/U; versus 11 = Y/(x' - 2)

9. Storage size and data for-mat: I-orniat is ASCII.

l0. Contact p~ersonm: Prof-. W.K. George
University of Buffalo, SUNY, 339 Lngg East, 14260) Buffalo, NY, USA
E-mail: trlbillI@ecng .bu ffalo.cdu

REFEREN CES
HUSSEIN, I1 ' . CAPP', S. P. ANDI GEOcRGE, W. K. 1994 Vcliicity measuremienlts inl a high- Beytiold s- n i )bet, no~imeiltUInl-

ellnscrvilig, axisyilmetric, turbulent jet,.1. Fluid 41cc/. 258, 31-75.

PANCtIAPAKESAN. N.R. ANtiLD MtY J.L. 1993 Turbulence mneasuremnitts inl axisymmeitric jets of air attdhlicumn. Part
1. Air jet, J1. Fluid Mech/. 246. 197 --223.



SHL31: Plane turbulent jet

Gutniark & Wygnansld

1. Flow description with ske~t ch: Two-dimeiciin nal pin ne jet disc lurgIvng Ii 010 a reel an Iolar orifice Nsot) into slag nan I
ainhient. Only the scl f-preser-ving hit -field is of iteirest here.

2. Geometrcy: The only geomctrical pa-itiltete or initereCSt in [lhe Case of a 21D plane jet issuinV into nominally infinite
sunou t)LI~iding.s is If S10 sltWidtl hiwh letWW, 1) "1 .3 C11r.

However, thle finite si/e or tile rootm into whlicht the jet diseftarees 1naY ifluenLceIC the jet dOeveTlopmen Mnd hnceIC
in forilnati on oil (lie size of, ft is room is g iven in Hig. 2. TI e on lice was 1 .3 ein wide and 5(1 cm long The jet
dcvelo cl between two walls of 211( x~ 201 cmt size forming top andI bottom. and screetns were installed to elmitttint
mtost lomil draughts.

3. Original sketch

Se }
It200 cm20c

K -200 cm -A 5t cm

FigUre 2: Scfhema~tic diagram of exper-iment-il appatr ilt

4. Flow charcact eristics: AMier ant itnitial dfevelIopmetil ICIte' (. tile flO (1-Iw dev oS el-1WNCIVt st 0' ef a CIVtOL11t: the jet
sprecads linearly witht r. ixe

.111111111111 Jll ! cos -r(.1
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where Y112 is the jet hialf-width defined inl Fig. 1. and tile velocity onl tile centre-line 11, (fecivs as

-(rD- x01I)) (here A, = 5.I32)

where x(, is the virtual on gin of the 'jet (hiere x( /D I) 3). Inl tile sell'-preserving region, lateral prohIi ls of all
quantities at variousx: collapse when maode dlttimesjiionlss Willh thle local Ccentre-line velocity u', and tile downstreatm
distance from tile virtuld Origin, a- - x(., orI aliertialively tlic local jet h-dli-widd lt /2- 1~ (Hnce, onl siliilaritY pr-ofile.
thle sp reading rate d(1,11/2 /d,- and tile decay Constant A,, need to be given to deli ne the jet bheatv iou r inl the self-

pre~serving re gion. The authiors state that the fl(ow wats found tol he sellF preserving beyond a: /D > 40. hut s rnie of'

thle profile% Of ullib~Llnce q uaniii iits indicate that self-preservation occurred ontly b~eyonid -/D I) 100.

5. Flow parametvirs: The Reynolds number lbased onl tile exit velocity U(, and slot widthb 1)is Re = U0 b/v = 3 x 1011.
Thle turbulence levet inl thle exit flow i ft.2(4.

0. hiltlowIOutflow/Botuntdury and Initial Conditiolis: The jct exit% from a slot iii thle wall. Detailed mteasurem~ents

tINime nu provided at tlie jet exit. A tiLi-Itat velocity profile wats aimled at by usinig a sUroti! tIIZzle CoilltrUetioll. Thati

this was neatly achieved is indicated by tile tacet thlat the Ilomentlum flux itt timejet is 819L/ of tifle imotitentutti flixsilt

thle exit, asse n ittg a top- hat profile.

Ilt anty ease, thle sellF pleservitig state ouf the jet shoulId be i ndepentdenit of the iniftlow conditions.

7. Measurement procedures: The mneivn -ve loci ly profilte Wats measuredl with at Pitot tubie and it siiglto hiot-wire probe.
The fatter was also used Lio measure thle longi tuditntl hlueit ti otis Whilk tilte othier two hiuetuah it g ciitiponeii is were
tmeasured w itt t - wires untd sinl tin ctin ited wires (constant t temperature attietoltteter with Ii nearizers .Futhtfer qunai-
titlies mieasured tile tile ic ltettitte t cy faLctor, the Rey tolds stresses Witli averagintg pedrm tted ontly over thle tutrbulent

iZotues, two-point Velocity Correlations, dissipaitiion leri-its and microscales, triple cottrreftionis, Tile tuthuletit kinetic
enlergy ha mince was Contstructedi by assumintltg local i sotropty f'or deletril inii tg the viscous d i55ipa tiolt.

No difrect hin 6ntottaiot is g ivenl on the ttueitsmeretnet errors. However, the mieasured sheitir-so s d istribitt ion agrees

faitly well Wilit [ife distnihutioti calculated I'ror tile tituat-velocity profile anid tfile spreadinig raLte, givitng siomie Colli
lidetuce itl (ite mteasuretmentts of' thle second mitotliteits The tnormtatl stresses are ill reasomaialc agiceittelt Wili thui
tieasutiiteitts of' H-eskestttd ( 1965), aitd for tile I)- atnd ti-coltpoitents thtis is true also Imor tiler to1casuieiiienii re-

viewed ill Rocti ( t19 75), bitt thle titter show uip toi 2(1Y sititifer vttlltes for t1'
21 11,1,1. I lence, sitramigely, iicte is sotlit

titicertiainty about this quantitiy. 'I here tire even greater 11ticertuinizites abiiti the nit-stretnients of higlier motments tnd
tite termls inl tile kintetic eteiegy balantce So that these arfe itot inclhuded itt the data provided. They eatt be obtained
flotiil tile otrigintal palper.

11 Available variabmles: Sprttdiitg r-ate (1/ /2/~('-i: = ft. 1, decay Ctitstant forl cettir-fitie vefuichy A, 5.12. simoilarity

profilhe" of ~u , / w"a' V(~ ' 11* 11 i2'121/1 11, W~9/11,. verstus 6 / ! i 2 ( arid (lie itrlespoiiiof! it !//0>ti' : -

Xi))

9. Sitoage size atnd dat&4 formtat: Foitnmatt is ASCII.

M C ontteflictTS pro: honu . I. Wygmi tnsk i
AME depft. Tucsoin, AZ 195721. LISA.
Phlonme: ( 602) 62 1 0089~
PFax: t(002(621 X 191

GHtrMAtmK. P. ANit WYGNANtiKi. I. 1976 'the pflallar tu-btilICtt11t.10, Jut Fjcd/if.73, 40S 4)95

iILS~K -,StAD. G. 1 905 I-it -wire neiast rciienti sin a plante in rhitIe~at eJ. Appjl- Metwu.3' - 1)p1

Roti~i, W. 1975 A tvicw ifcxiucnitttetiital d,itiaof unflorto deitsity lice iii[tirbuetit houttIihtry layers, in .'uolirs in Convctlion.

Vol. 1, t. 1B.1:. 1 aittdet, Acadeittic Priess, [ionslon.
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TBLOO: Fiat plate, zero-pressure-gradient TBL

Smith & Simuits

I., Description of fthe flow: Flat-plate, zero-pressure-gradient TI3L.

2. Geomnetry:

The experiments were conducted inl a loing, subsonic. open return wind tunnel having a rectangular cross-section.
Test section dimtensions were 5.8 )it long (stream wise), by 1.22 in wide (spanwise) by 0. 15 7n high (wall-normal).

3. Sketch: None needed.

4. Flow characteristics

The mean flow was approximately two-dimensional as evidenced by agreement with thie momentum integral equa-
tion to within A-7%. A settling chamber 'and 6:1 contraction (described below) minimized free stream turbullence
levels. Thc outer wall, opposite tile mneaSUremen0tt wall, was contourcd to minhnintz thle streamwise pressure gradient.

S. Flonw parameters

Tile working fluid was air at existing ambient temperature and pressure. Ambient conditions were monitored
(Ihroughou01.t all experiments, and thle te operatuwe did not) vary by more ihian 0.2"C during any given ru n. Using
anl upstreamn pitot tube, the tunnel flow speed was set to obtain a unit Reynolds number I?.o.,,,oi 2, 10(0,)000 ±-J3%
for all runs. Tile lice stiream (low spiced was approximiately 31 ta/s. Mcan flow meaisuremntcas were obtained lit tenl
streaniwise locatioins, providing momenituml-thickness Reynolds numbers ranging, biorn 4,601 to 13,189. Turbulence
measurenmenits were made at two streajowise locations, at Reynolds numberIs Of I ?CO 5,000 and 1 3,)0M, Thei static
precssuie coefficient varied by less than 4% over tlie lengthl ol'the test section.

Flow' p~~araneters~or thie meniflio do/a fdes

A- -f __ I -__

0m11i1) (mill/s) (mi/s) (ils) (111to) (mm) ] 01ioin)
I.,21 4,601 1,500 33.32 33.16 1.291 .00301) 18.35 2.98 2.18 1.37 .513 .264
1.101 4,9 80 1609) .3,39 3306)T ,2875 .01)29) 0 1W.82 3 . 302 6, 1.36 .513 .327
I .312 5,88 1,705 .2.40i 32.1 1.234 .66289 21.31 3.48 2.6 .3 .45 22
.41 58A,4-31 30 .6 108 2,3.02 3.76 2.77 1.30 .54 .314

1.71 .8(i 2.)5 3.4) 3.2 .25 0( 269.2.65 -4.44 3.26 1.30 .646 .29(0
1.021 /,696 2,316 33.84 33.43 1.229 .00204 30.07 4.93 3.03 1.30 .642 .3(07
2,23 9,7 148 2,712 34.03 33, 6 ) 1.2 .00257 35.73 5.83 4.32 1.3 5 6.638V .301)
3.0.23 101 '17 3(1089 33.11 32.81 1.173 .001251 41.46 6.)58 4.92 1.34 .641) .271
3.5423-ý60 n -oq3,49(0 33.41 33.23 1.179 .0)j4~ 47.1)41 7.34 5.5 2 1.33 .601) .3(02
4.124 13,189 4,06(5 12.ý97 32,82 1.4 .(25 5498.2 6.2 .2-.57T 27

Flow paramei('esfnr the titrbnleeice dl(/(ifile~s

3' Ricof V u-,, 1!",f Or, V f ( / i 1
(11ni1 Olls) Oil/.%) (lis) 0(111) 011m 1) (nint)I4 _ _ 2._1 ---I .-. -- -. _ -- - -- _o1.01 .121 ,58 2.8 3.2 1.36 .0)283 19.29 3.33 2.41) 1.3) .0601 31

4.2 3,052 4,0)97 33.04 31 21)7 1.10 .00251 54.9K 8.13 6.22 .31 .502 .313

6. Infllow, outflow, buiayndntalconditions:

Ambient air- entered (lie tunnel through a large bell -nouili, passed! 11liogli a hliticyromobl tlow-straiglitener. havingr a
grid size of 6.3 minu and a depth oF 76 nimi, and jobt a settling chai~nner. The s-ettling chamber was0. 1)9m lonbg andi
Coluiniatesl a seriles of live screenis oriented peupsj)ldIesJIr to tile [low direction. The lu~t screcul was ol openness ratio
67(''( (onesh sizie 01.9m1)) 0ot y1.9 mm), and the list fouir screens werie0 of) opnnes, mi io 6304( I itesll sim 1vI.3 tmi by
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1.3 mnn). The flow" exited tlhe setifi hg chamitber, passed ilir-otili a I two-diitte irtsuiia 6:1 enritraulion. andi cnicied fliv
test Section.

Downstream, [lhe Hlow leaving tihe test sCOtio entered ia short. twO-dil CinesoallI d1ITfuSOr. fohfOseed bya lt onger. three
dimensional dill set. lii tile utwo-di itens'iOnll di 'Ituora row ol' VOItlex pencratois prevented solpirntiolt oil thile ollerl
wvallI. A final screen phlaced he ween tlei two di fin or sCct jot,ý helped reducec flow un sic ad'incss.

7. Measuiremeint procedurets:

Static pressure coefficeiat (lilid were obtailted Ioion, plessure laps along, tile centlerline cif the tunnel test wall. At ten
Sh'eariwise locations, mlean velocity profiles were mieasured via Pilot probe surveys.

Turblene inasucineitswere nmade using siingle niormal-wire lint wire probesý operated ill thie constlant telttpeluritic
inode. Reynitol ds stresse s were meiasured us og coissel- wire probes oieii e td it) tile asure 11 aind iv, and (lthe ii anad it,

The hot-wire anemometer circuits containedl sytinliericaf bridlr's i 0fine frequency resfTCYT1)Iois. F~or all Rills. thle
ficqueiicy response was al least 05 K/kz.

Mainnrimrtr vir-o, ill praernt a'relot v ui Meu nevonsred ia ho'

5, 000 f 17 15 -- - - -

11/A6 .1 5 101 5 10 6 3 -11 5 UIA 5
__ _ _ y/6 0l.7 3 5 3{ 5 4 1 -1 2 IJA 2

y 16 0cf.1 5 7 5 I 7 6 I - 2 U.A 2
Y/6 0.L7 13 5 3 .5 4I 1 2 UIA 2

hI. Availabli, variables

Meain hlow (lai Consist of tilleitit velocity profi les. static piessure ciieflierl ctdand skitn riclijoi icld'licient at tell
RCYiirldS itumber1VS. Turbuilentce data conisist plofifes of, iiical and nIM11tSIr isqttied ValueIs , aIS Well asý third and h'ITirib
order momnitlts. of the three velocity ciizipiinciis. Profiles of thle ur and fill' Reynolds stresses andf i1 2r tand it i2 are
also available. lThe RlFADI)M life aecoito pan)iij, gthle data priivides fllf details (If' thle available diam.

9. Storaige size anid data foirmal: Data ate ill ASCI I files. rcqiiriig apiproximatch' 50t Kb oif stitrafte. A RI WAl )M fife

provideCs detal~ s about flfe formats.N

10 C~ontac't purson: Pinf'. Alex andte r 1. Smtits
D)irector. Gilsdy nanties I abtirattiiy. I )epai'ttien ii Mcclumiaik'il and Aet rispace lirgiireeriivg
Piticelon University. Princeton. NJ 085-14. U SA
Tlr: (609) 258 5 117: Fax: (601)t) 258 2276
E-miail:sns(aiiepitetnd
Illtp://\vs'%. IMriiiCetriii.edii/ Vasldyitl'ol/C/I1IC -x.SilliiS.flttil I

lII'ERENCES

5 Mt TI ItR. W. 1 994 the)oJIc~o/vNpih i i/ nic turiu s of/ar/nil up, flounpdu rt-isc ps. I'l. if), thes;is, I e part eitie

of Aetosfiace atnd Mechaniciel Fnigineeriii. Princeton Llnis'ersit, Re heretic, otinber I9~X4-'I (for it till lesc'i iptioti of hle
data)I

IDtSSAUGtE, J.P., FERNHOm..LIII. FImNLEY. J.P., Ssttvt, R.W.. Shtt s. A.) & StI.NA. ['>P. 1995 7i/ilaBrnos
1AxI. s'a ini Ft~'~i ii Sq'~oirIo ii A(IARI)ogt aphi 335.
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TBLO1: Turbulent Boundary Layer with No Pressure Gradient

Spalart

I Description of (lie flow: Numerical si in u lat oil of a'i two-dimei I asioniil boundary I ayer with zero pressure grad ient.

2. Geometry: Smooth flat surface. periodic sjpanwise and streamwise with Inlultiple-scale corrections to model tile
streamwise growth. Data from two sets of simulations are included, both using tilc same numerical code and flow
paramleters. III Spalart (1988) thle streamlwise extent of, thle numerical is 1, =~ 100 P, and thle spanwise extent
is L, = 25 5*. The simulations inl Chiacin et alI (1 996) are run inl a compiu tat iona b o x only hall' as long in thie
xtreamnwise direction.

3. Sketch: Not needed

4. Flow chiaracteristics: The flow is intended to model conditions illit a ~rO-fpressaYC-gr-adieltl boundary layer at a
givena stream wise pos ition. The ciomipu tatitonat box is short enough thilt thle soceamiwise growth is nlot sig nilieuat.L
andl this is cxplicitl I yused inl thle computational scheme. Four cases were originally comnputed, corresponding to

Rp= 250, 500. 1(000, 2000. and used to estimate thle slow growth parameters of' [tie boundary layer, which are
thenl used ill thle code. Only thle two middle ones are included as data sets, since thcy are now recognised as having
thie best numerical quality.

5. Flow fpaii-ineters: Within classical thinking, lRe( fully describes the flow. For the: two sets included, Rt, ;z
300, 67t0. 'The free stream is nominally quiet, but the periodic boundar-y condiionls are roughlfy equivale nt to a
" tri pped" layer. T'I fi "'niuenory" is clearly anl issue for thle first set but piobabl y not for the second. Thle keyrnolds
it un her of thle first data set is also umarginal for flu ly (level opedt tuibulfence, whliich is traditionally expeceted to exist
only aboive Rc(e ý 3210. but this case is used as inilet coiiditi on for the siniulfat ion ini T131,21I, and anl inst an tanieous
flow field is inlKIuded here for th at purpose.

6. Numea-ical miethiods, resolution and lvesultimig uncer-tainties: The numerical scheme is fully spectral, Fourier ill
tile strealt wise anld spanlwi se d irec ti ons amid Jacobi nionrmat to tlie wall,. dc- abased inl the three directions by thle 2/ 3
rule Spal art (I 1986; 1988). Thle moo t iplc-scale procedure disctussed inl Spalart 0I 988) pit ovides a Vaiir pptiroxi mat ion
toi(the stream lwise growth effects, i netuditi og entrain went, The spacinig between co~llneatiou poiniits is A~:x ý ý 20 an rd

A-- > 7, and thie stietchiec grid iii thle y -di iccthol is adu(Jsted to have It 10 pinlt s wit lii tile first 9 wall utn its. TIhe size
ft1 tiC. cit I bat itbn grid for the lowei R eynuolds numitie case inl Spat art ( 1988) is ( 1 28 x 50 x Wl) inl thle .r--. y- and a -

dIiricct itots. Ioir the high key nolds oinumher it is (256 x 64 x 1 92), Fo (ltie shorter et miput ation at boxes iii Ctiac in ci of
I 1990))(the resol ution is min Itai0nned fly hal vi og the numbi er of strealowis mctodtes. G rid refinement Stutdies con~dUCted

iii Spal art ( 1988) ftor Ilie loiwer Reynolds 31 ton her. case suggest that trunlcaitionl errors due to resot ut ioil sho ulId lie
ftclow 2 1t4. TIime step is adjutsted tot a max inmunm Itocat CH1. of 2 (Spa fart 19)86).

7. Boundary and initial conditions:

(at Domain size and trunication: D~uomain size is tgivein above. Wall normal grid is miapped expniientiatty with at
scale proportionial Lto the displacement thick ness.

(b) Boundar-y conditions: Periodle span wise. No- slip atl thle wall and free-slip at thie Itop 01 thle doillatl 0.whteic is
far inl thle tree streami.

(C) Inlet and( initial conditionis: Flo is 5Stcalliwise pe riodllic wit tiitle ci irrc t itns incmioe d hiit above. The si 01itt a-
tionl is runl until thle [ltow is statistically Sttitmnilary.

8. Averauging procedures and r-esulting uncertainties: Statistics arc compililed tifter the flow becttmes statisitically
statittitary, illid accumu1,1lted duin-g t- 200t S*/( .,.~. coirrcspondinig to abotut two lull ftow-tlxrtugls atl tile free
streami.

9. Ava ilabl)eCva rialiles: At If, =3(1( tad67(1, piot ilIcs trii S a r I)881C)illiiti i, , U' , 1 .i'?''atd tile
budgets of a ', V'21 11.12, - W . Viscous diIftisiton antd disihtatiol are distinct, but not pressure strain aiid prssr
diffusion.

Omic itlstalitailcolis flow hldeb is included for cacth Reyrtold, numbier fromti Cttacim c/ul ou 1996). which is essentialaly a
re..contprtation (if the original flow fields.



10. Storage size required and present format of the data: 66 Kb. ASCI I file for the prolile,. 5 NIb binary lile for ihe
low Reynolds number flow field. 17 Mb for the high Reynolds numher one.

11. Contact person: For Spalart ( 199k): P. R. Spalh t
Boeing Commercial Airplane Group. P.O. Box 3707, Seatle. WA 9, 1 24-2207, USA
c-n ail sp'alrti@in~sn asa.gov

F-or Cliacin a al 0I 996). B. Cantwell
Dept. Acrona•.lics and Astiontaut1ics, Stanford U.. Stanf6ird. CA 9.13(05, USA
e-mail: eantwll @ lcland.stanford.edu

REFERENCES
CIIACIN, JM.. CANrWELL., 13.J. & KLNI: S.K. 1996 Study of 1trb,•Ulentl bofundary layer struclure using the invariants
of the velocity gradicnt einsoc. To appear in J. lvxpc: 7Thetotal and Fluid Sci.

SPALART, P.R. 1986 Numerical simulations of boundary layers: Part I. Weak formulation and numerical mcthlods. NASA
TM-88222.

SF'ALART, P.R. 1988 DiriCct numcrical study olf a turbulent boundary ayer tip to 1lVI = 1.110), J. Fluid Alech. 187, 61 -98.



165

TBL10: Turb. B.L. in Adverse Pressure Gradient

Marusic & Perry

1. Description of the flow: Two flows, called 10APG .md 30APG. with upstream velocitiie3 of 10m/s and 30 m/s. Both
start in zero pressure gradient and are then acted upon by an approximately constant adverse pressure gradient,

2. Geometry: Flows develop oil the 940mm wide floor of an open return blower type wind tunnel. A contraction
area ratio 8.9:1 leads to a 4.3m long working section with 68 pressure tappings along the floor strcamwise cctllre
line. Pressure gradients arc imposed by heavy screening at the downstream diffuser and by varying the angle of 12
adjustable louvers in part of tile working section roof. The incliinatien of the first 1.45m of the wot, ifg section roof
was varied to obtain an approximately zero pressure gradient on the floor.

3. Sketch:

Heavy sKreeng
.----1450 Src ( 20 ,

3 1-ce-

4300-

Working smfion Ollu• r

Figure 1: Details of working section (dinmensions in mm).

4. Flow characteristics: Twvo Iwo-dimenision.al adverse pre.isure gradient turhnlctt bourndary layer Ilows far fron
equilibriur.nl-

5. Flow parameters: Free stream turbulence intensity 0.3%h.
Mean flow parameters, see table helow.

X( no n) U, /o i, U 1
(I1AP(I)

1200 23.6 1.43 2206
18(00 25.4 1.4-1 3153
2240 28.1 1.49 4155
2640 31.5 1.58 5395
288M 34.5 1.64 6395
3080 38.4 1.73 7257

(30AI)G)
1200 26.4 1.40 6,130
18010 2.2. 1.41 8588
22410 30.1 1.44 10997

2640) 32.9 1.49 142019
288(0 35,2 1.511 16584
3081 38.1 1.60 19133

x: is the stream wise direction; U, is the vefocity at the edge of the boundary layer:-u,, friction velocity; 1,, n(omen-
turn thickness Reynolds n au iber; [1, shape factor.

6. Inflow, outflow bounda|ry and initial conditions: Should he taken f-ront initial and linal proliles and imposed
ipressure d isri btlion.
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7. M•asure:ment procedures:

(a) Measured Quantities: Meazu flow profiles. Reynold,, shear stresses• all thrce comnponcnts of tih Reynolds
nor'al srcsses and mcasured spectra.

(b) Measurement Errors: Not citld

(c) Other supporling information: Mean flow profiles from pilot. static probe. Wall shear from Clauscr chart
and Presion tube. Turbulence quantities frcm stationary and Ilying X hot wires.

8. Available voriables: Mean flow profiles. Reynolds shear stresses. all three e'omponcnts of Ohe Rcynolds normal
stres.es and nicstured spcctra.

'. Storage size required and file format: Profile" 50 Kbytes., Spectra 6 Mbytes. ASCII files.

10. Conto.ct person: I. Marusic
Department of Mechanical and Manufacturing Lngineering, Universily of Melbourne. Parkville. Victoria 3052.
Australia
eC- Inai : i van ((!, i iar ll2. In u.o..nu

RLFEKFNCLS

MARIUSIC, 1, & PLEo', A. A.E. i995 A wall-wake model for the turhulcncc structure of boundary layers. Part 2. Further
experimental fupport. J. Fluid Mchli. 298. 389-407.

-t~ M



TRL11: Tubrb. B.L. in Adverse Pressure Gradient; Numerical

Spalart & WatmufT

1. Description of the How: Numerical simulation of a two-dimensional boundary layer with sequentially favourable
and adverse pressure gradients. The simulation was intended to replicate experimental data, compiled especially fot
that purposc, and which are also included in the data set. (July the simulation is described here. For a description of
the experiment, sec Watinuff ( 1990); Spalart & Watmuff (1993.).

2. Flow geomeitry: 3-D eoMIpuuiatiClnal box, periodic in the streamnwise-za-, and spanwise z-dirctions, with streamnwise
eorrecclions discugssed above. All lengths are expressed in meters while velocities arc normialised with the free-steamn
velocity U, at the inlet. The useful length of thle experimental flat plate was 1 .5 ill, and the boundary layer was tripped
at a: = 0.15. Frece-sticama pressure was conttroilled by a contoured upper wall, convergent from x = 0.2 to 0.6 and
divergent thereafter. 'fie resultin~g pressure d'stribution is shown in the sketch below. The eomputational region
extends from a7; 0.310o 1. 1, but only the region fromn x = 0.4 to z = 1 is considered useful, The rest is used by thle
numerical "fringes" described below. The bounidary layer remains attached and, tat the beginning of the comparison
region. is fully turbulent with thickness of the order of 6 1.0 mim. The spanwisc extent of thle conipultaiunal box
is L. = 0.09.

3. Sketch:

0.5

comnnuteri

useful

cj0. 0

-0.5
0.0 0.5 1.0 1.5 2.0

X (Mn)

Figur 1:I Computational domain and cxpe rimenittal pressurte di stri bUtiO anoutside thle boundiaiy layer.

4.. Flow characteristics: The flow aecLlICAS 1`i0is it o C, near 0 to near -0.1, which help cr ase the memory of the trip
a rid rif the inflow condition. After that tlic C1, returns to about A-0.05~ in the legion covered by tile D)N S. althou ngh
thle experiment wecnt farther. The boundary layer remains -attached, and thickens until it reaches Rc,,z, 1750 and
ItI1.5. A zero-pr-essure-gradient boundary layer at the simne Rer, would be 11 z, 1.15.

5. Flow parameters: The Rcynoldc number per mieter is 4.28 x IOr, and Ris, 530 at thle beginning of thle coin-
parison regiomn. ]'he pressureci'tcet ale given in the sketch The free streami is nominal ly quiet and thle two-
dinictnsionality of the experiment was checked to be of the order of 1 -21/, over spamtiwise distances of 20 cuti.

6. Numerical methods, r-esolution amid resulting uncertainieiis: Hilly Spectral method. Fourier in thle tr. ad z
directuoins. Jacobi polynomiails in ?1, matchetd to tiii e xptrrential rolippiimg- (Spalart et ol 1 991). 'Stranliwise boundary
layer growth is comupe nsated by a 'fringe' method in wh iclh an cxl, a term v, applied to thle equations ill r = (()". 3
O.A.) and a, (I - 1 .1), ic stn i tig thie outgoing flow to tile dcxi red initflow conmd itioi n t Spalart & Xat mu ff 19'93 I. The



collocationt grid is (960 x 82 x 320). Deal iasinj- is done in the thtree clirectitinz by the 2/3 rule. lBased on thie highest;
mecan skin friction in the box. the dis~tance betweenc1 collocation points~ is ýz ' =20. "', 7.3. T[he wall normal
st retiched grid has W f poi nts helIow y' 9. Nn in crica C Iqnaflt par-aMOMi t S are (1CUYenssd in S pal art &, Wat nn I
(1()93).

7. Boundary and initial conditions:

(a) Domain size and truncations: 'The boundary'N layer is essentiall kivrlly deeloped as, it reaches the domnain
numerical domnain, aid relIa xes fulu ricr due to the favourable pre ssure grad ienit. The lateral ex tent of t hc large
e~ddies was est iv atesl fror (ie theIwo 0poi nt correlation funocthion toi he of the order of 0.02 at .r = 1, corn pared it)
the ccnmputatio'iiil hox si/e L, 0.09.

(b) Boun da ry conditions The pressure dIistribhut ion outs ide tlt'hi bnunda ry layer is ciutit ll Icc it t be ex permnte t by a
contoured upper wall. In the simulIat ion, it is co nt rolledl b) t a iloinen the bhelv'ionur of the wvall-tiornial velc (it y
at boundary at large y. Velocity and stress profiles are giveni at in ohtow Out flow% is ttot critical.

(c) Inlet oir initial conditions: Generated by thie friteigc method described above.

8. Averaging procedures and resulting uncertainties: Mean valties are averaged over tlie span, and over tinec. A
fil ter or sireat wise W idth It 0.112 ik also applied. The stat i steal sample is formied by I100 yeltoci ty lieId s, cover i tu a
total tune ur about 0.81/t/~,, Or abou1.t. one futll lliis-thluroL111.

9. Available variab~les: The simnulation data arc given at a- 0.55 to I by (1.05. The file has I. ".1 C,, I," j)'2 11)"
- iaThe samne dat a arc giveni from ain accotmpatty ing expeCri meiit rroin .7' - (1.2 to 2 by' 0.1)5. iii '1131 2.

I1). Storage size required and file format: 67 Khy'tcs. ASCII file.

Ht. Contact person: P. R. Spalari
Boieiniig Coot mete ial Airpl anit Gimu p
P.O. Boux 3707, Seattle, WA 98124-2207. USA
e- Inoa i I: spalat utPIias. nasapgov

REFERENCE.S
.S AtANT0. 1. H., MOtSEt.. R. D. ANI) Rnc[ý, INCs M.N. 1991 Spectral tttethiids (or the Navier-Stokes, equations withi (tie
infinite atuc two periodic directionus. J. Comtp. Phivs. 96. 297-32-1.

St'ALARTd, P.R. & WA'rMttit't J.H-. I1993 Lxpricrietital and niutmeric'al itvestivation of' a tirht-ilc at bountdary laver wvith
pressure gradieritts.J. J"Iuid Aec/i. 249, 337-371.

WA'tM UFF, t .H. 1990 An experimtentail iinvestigatiiot otf a low Rcvtuild'. onnribr turbulent bounitdary layer subject tot an
adverse pressure gradiewi. 1989 Aon. Rcs. Biie:fs C1'R, Staitfitd. p)p. 37-4 9.
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TBL12: Tbrb. B.L. in Adverse Pressure Gradient; Experimental

WatmunuT

1. Description of the flow; Incompressible, two-dimensional, turbu lent boundai y-layer flow. Downstream of' a trip thle
pressure gradient is initially favourable to allow the turhulene to mature without undue increase in Reynolds numl-
ber. The pressure gradient then becomes adverse. The experiment was. especially devised to match the conditions of'
the direct numerical simulation TBLI 1,

2. Geometry: Flow develops on the t.Orn wide 2.1 m long floor of an openi return blower type wind funnel. A contrac-
tion area ratio 5:1 leads to the initially 0.24ni high working section. Pressure gradients arc imposed by a flexible
ceiling and the test section has two Plexiglas sidcwalls.

3. Sketch:

FringeFringe

0.4-Pro

y0.2-

0.1 Trip Comparison region

0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
x

Figure 1: Flow configuration (frorn Spualrt & Wati-uff, 1993).

4. Flow characteristics: Two dimensional favourable and adverse pressure gradient turbutent boundary layer flow.

5. Flow parameters: Free stream) turbulence intensity at end of contrartion is 0.2%. Referenco velocity fJ,1. at
entrance to thle test Section, :r = 0. is 6.5 lids giving a reference unit Reynolds number of 4,28 x 10' in 1. Reynolds
numbhers based upon1 mominentumi thickness are below 1600, well within the range for which 'low-Rcynolds-nunibcr
effects' are known to occur in zero pressure gradient.

6. Inflow, outflow boundary antd initial conditions: From initial and final proliles and imposed pressure distribution.

7. Measurement p~rocedures:

(a) Measured Quantitifes: Walt static pressure d istribut ion, skin friction distribution, mecan Hlow profiles, Reynolds
shear stresses, all three components of the Reytnolds normal stresses. Mean flow anid Reynolds stress protiles
mecasured at 50m~nu intervats along tunnel centreline flomt x = .2mn to 2.0111, ixe. 37 profiles.

(b) Measurement Errors: Not tabulated but somec discussion in relereneces,

(c) Other' sup[porting information: All mean velocity and turbulence data obtaneod From normial and X Wire
tnt-wire pirobes attached to a high-speed three-dimensional coiiiputer-etm trotlied traversing mechanism. Wall
static press-ire incastlireo at 44 tapin gs. Skin f~riction front lPrcston tubes.

9. Available variables: As in Measuied Quantities. above.

9. Storage size required aind present format of the data: 65 Kbytes ASCII Wie.

10. Contact person: P' R. Spalart
Boeing Comimercial Airplane Group, P.O. Box 3707, Seattle, WA 98124-2207. USA
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TBL20: Closed Separation Bubble

Alving & Fernholz

I. Description of tile flow: Turbulent boundary layer or' a sniotl, axisyntietric boidy exposed toI ill adverse pressure

gradient of sufficient strength to cause a short region ol mean reverse flow ( separation'). The pressure distribution

is tailored such that tile boundary layer reattaches and thien develops in at nominally zero pressure gradient.

2. Geometry: The test surface wsva a hiollow aluminium circular cylinder. L 65mi in length) and 0).25mn in diameter, its

axis algigned Willh thle flow and preceded by a 0.3m elliptical noelOnCCoo. The boundary layer was tripped at thle nose-

c( ife/cylimdei' junction. The test sui face was surrounded by at conce ntric, perforatcd cy Iinde-fr minitilg the outer waill

(d iarncier 0.61 fin) and e nded at a performecd end plate. Th is on 1Cr wall was shaped. as, shown in thle skctch be low, iio

produce an adverxe pressuie gradient at thie start ol'the test cylinder.

3. Sketch:

Diiubumld m"a ruiiov~i

Dertgei & Fernhati

coThp locotion

- 25 Cul

Conflipaticn for 1.-0 5 Ploae
pmscli results en I Pii

U'* tiac Mass rcmwWa

osel c

Fi gorc 1: SktchLl 01 thle faCility.

4. Flow cliatiarteristics: F low over andc dowtnstreamn of nil ad verse pressnre gradc litnduced separation buhbble. Thec

flow reattaclics inl a mitld advlvese pressure gradietnt atid tihei deveops iii a noiminally ,.eio pressure gradient.

5. Flow parameters: Re lerenicv Reyinolfds numba er, U1 ., 1I.6(2 x Itt"/Im Free strcain turbuIentce imnst it y 0.2%.

Mean flhow paraeteris, see table belo(w.

6. Inflow, outflow bounda N.Y and initial comditions Frui iin initialI and Ii ilptill lfices and im poised I pressIl i di stinbut ion.

7. Measmrentent pr-oceduires:

(a) Measured Quantities: Meanu fliow inotiles. Reytnolds slieni stresses, all thuce comiponients of Owe Reynolds
norimal stresLes fOurd antd loiirtfi ordor toitents

(hi) Measuremeint Erroirs: Foii fullsedci wire 11'2 ± YX, -m, -t 20 %- vib A 30(A.

(c ) Other supportiin,- information: Mean flow ijitlilus aiid tulfileneICIC L1uaiititieS iii s~li1!h and X 110t wiles

exceptill eii r l'tis iof i-ver.u lo1w oI high tuirbiilciice imntisiiy whlere pulisedl wiles wei e used. Walli shieni liion)

( haliser chiart and pulsed Wire.

8. Available vnrnibles: Mcan lHow piiitiles, Reytiolds slieai stiesses, all tltice (:iiilifiiiies ill the Rcyitold. imiuiiiill

stii.55C5 tliiit andh tiuiihi oidiu iiioaileits.

9. Storage~ size rc2ulirrdl aiud file lorminlt: 2lt6iKbytes.. A.S( I file

A.
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"U(1) C• C dC' /d.r /Y. /.I l A,. C/C.i 1 ,, ,(i) O(Cii) II R
0.175 -2.2 0.398 2.18 0.75 0.0 0.00185 0.00249 0.0149 0.0023 1.9 2950

0.275 -1.5 0.566 1.34 0.65 9.6 0.00057 0.00065 0.027 0.00416 2.2 4850

0.325 -1.2 0.595 0.58 0.61 28.0 0.00031 0.00026 0.03-1 0.0063 2.4 6950

0.425 -0.6 0.623 0.27 0.61 74.0 -0.00025 0.047 0.0076 3.2 7520

0.525 0.0 0.656 0.32 0.57 47.0 0.00005 0.051 (0.0078) (2.4) (7200)

0.625 0.7 0.679 0.19 0.57 7.0 0.00057 0.0008(0 0.063 0.0113 2.09 10400

0.725 1.3 0.688 0.056 0.56 0.2 0.00110 0.00151 0.066 0.0123 1.75 11200

0.825 1.9 0.690 0.036 0.56 0.0 0.00160 0.00193 0.074 0.0129 1.55 11700

0.925 2.6 0.689 -0.010 0.56 0.0 0.0020 0.0022 0.079 0.0129 1.43 11700

1.025 3.2 0.688 -0.024 0.56 0.0 0.0022 0,002,4 0.079 0.0127 1.37 11400

1.225 4.4 0.6856 -0.019 0.55 0.0 0.0025 0.0026 0.090 0.0133 1.30 1 190()

1.475 6.1 0.685 0.000 0.56 0.0 0.0026 0.0027 0.103 0.0148 1.25 13300

Table 1: x streamwise from tripwirc location; = (a' - X,.', ) /(r (r, f - xrl); , = 0.361 itt x,., 0  = 0.-51870J[p1/Ut

potintiial velocity extrapolated to wall / velocity at throal; X, probability of rceverse flow at thc wall: C ('-j from Clauscr

plot; Cflmf. from pulsed wirc; Rv0 momentum thickncss Rey•olds nunitbe; 1 shaope factvor.

10, Contact pcrson: A.I- Alving
Aerospace Engineering & Mechanics, University of Minnesota, Minncapolis, MN 55455, USA

c-mail:a!lvinag @aem.umn.ecdu

REFERENCES
AIVING, A.E. & FERN1101,Z, H.H. 1996 Turbulence imcasuremcnt-s iround a Mild .lse paraiMo hh o1bbble aid d rCl srcam ol"

reattachmcnt. J. Fluid Medi. 322. 297-328.

AIVING, A,'. & I:'RNttOL.Z, -I .11. 1995 Mcan-velocity scaling in and around a mild. turbulcntl separation) bubble. Phy,.

Fluids 7, 1956-1969.
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TBL21: Mild Separation Bubble

Na & Moint

I . Description of the flow: Numerical simulation of a turbulent boundary layer with adverse pressure gradient and a
closed mfi ld separation bubble.

2. Flow geometry: 3-D computational box: the streamwise extent of thc domain is 3501 3.? the vertical height is 64 l67,l
and the spanwise extent is 50 6*,, where 6*, is thle displacement thick ness at the in let of the comnputt~itonal douitoin
(see sketch below). All values are normialised with 65*, and with thle free-streamn velocily UJo at thle inlet.

3. Sketch:

z in

Figure 1 : Coimputatiounal domain of separated turbulent bounidary layer.

-40

- 20

X/4" -50o 100 1ia 200 250 300 35

Figure 2: Mean streamlines.

'1. Flow characteristics: A suction-blowing velocity protile was preSCribed along thle upper_ boundary of' the comn-
p)utational domain to create an adverse-to-favourable pressure gradient that produces a closed separation huhble.
Turbulent structures emanating upstreamn of separation mnove away front thle wadll into the shear layer in the detach-
meni region and then turn aroundl the hobllble. Iso-sUit aCes Of negative preýssure fl uctuati ons which corresponud to thle
core region of thie Vort ices show that large -scale structuries grow in the shear layer arid merge w ithi one acinothe r. TIhiy
then impinge onl the wall and] subsequently conivect downstream. Thle cliaraciteristic Stroulial nuniher St = r~/U,
.1%sociate(I with) this motion ranges between 0t.0 025 to 0t.0 1I. 'The localtions l (i te miax inma of wall -pressure Iluc tua -
tion s and Re y n 1lds shear stres's occtir downstream of thle ro!e Icnnent Zone. Contour plot.% oh two p(i nt correlation
of wall -pressure (I'uctbat ions are highly elon gated iii the spmn wise dircct ion in side the separat ioni bubble implying

F ~~the presence of large 2-I) rol icr-type struclures, The convsection velocity deten ilim felohum thie space t i inc colrrel at ion
o1 pre~ssore fl uc tuations is ats low ats It.3311,, in tlhe separated -zone and increases dlow nstrea on n re attachument.

5. Flow pa ramecters: Th 'e Reynolds nium beri bascdl on in let ioniuc niurn th ick ness anid maiam01 um Menic SO'Crntlw is
velo cily at inlet is 300(. Thle heighpt tif (he sepat itionhi ubble is about two inlet boundary layer thickness ( 206...
and its lenigth is about 75 6i,_
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6. Numerical mecthods, rcsolution und resultinig utncertain ties: The i ncomplre ssi ble Navier-Siokcs an(d continuity
eqUations are integratetl in time using a scmni-impticht schemei willh the modified fi'aetional step procedure (Lc &
Mciii 1991), which adlVanCCS tile velocit field through the Runge-Kutta substclps without satisfy ing the continuity
ctquat ionl Coti li ity is only eforce(d at(le las huste p by solIv ing aiU S yn t at Poissin ecqialtion. A low-storage, third-orderi
Ru oge- Kutta scheme (SpalIart 1987; S pal art el al 1 991I ) is u sed For treating con vect ive tc rots explicitl y and thce
second order Crank - Nichl fsoii schemelI is use~d for1 imlp1cit 11iffat ent of v iscou.s Ic nos. All spatialI derivatives airc
approximated with seconti-ortler central difference schviemes. The prid NpaCing' is- uilijf'itIiil in the strealuwise and
sptinwisc directions. Based onl the inlet wall shear velocity -Ax ;x 18.3 andI AZ :Z- 10.5 Ill thle walt-noruaiin
direction thle grid spacing is minimumi at tile wall, A11-1 0.11. and ma~ximium in the free-stream, Au I -z 22.7.
The number of'cells in the grid is 512 x 192 x 130t, ini x, antd z.

7. Boundary and iniitial conditions:

(ai) Domain size and truncations: See point 2 above

(b) Bounldary conditions The suction- blowingi velocity profile shown in Figure 3 is prescr ibed along tile upper
boundary of thie cotoiputtiiional domlainl.

04

0.2

0

0 2

.0 4

.0cG
0 so 00o 1501 ?(X 250 300 aV)

Figure 3: Sm-:tioii-hfowiiig vel)city d iStribiitilln alongV the upperC boundarly.

(c) Inlet or initial conditions

liiHO I) ow to ho I';nCC is giuae by sequc itiially fcediiitip at thie inflow plane a frozen D)NS tield ratndomtisef by
amptilude falctors. Phlase Ingle infironatlion is considered moiic important Than tile amipli tide f'actor in that
it is Closely related to tur~bulencc sltractures. and thelilipase angjles (if thie ftloen field are iiot Changed during
tile pr()tcltulc of- genleratIing ifllOW Uriitrbucvc. Thie icctiiii fic awitcili to get Jplysicailly realisti itelocity

fluctuations using an already Vatidated D)NS data andI stiperpinses ICthem rio mi giveln mean velocity Protile at (lie
ittlo-w plane. The mecan Velocity profile is taken frviti zero pressure gradient simulation in Spalart (1 998) :itt

Rth' =- 3t00 (see '1*1LOI0 ). Using a single realisaiioo Af his 3-I) flow tield, the Three components oif The velocity
11ILuMOCat 1t1s o:(..p.) tire calculJated by Sathlincinglr tile tilCMn VeloCity ýi (y) fromi thle inistantalteous velocity

Fromil FOIIticr coeff itcicts obutitted by tratmsFortting u' iin tile slimeamss'isc and spanwvise direct otis,'

a oiew eldcit) coist Cnitted by j iteritig 1%"I wiTh teal random nluniers o, il tile rant 0cI).8 < aK< 1 .2,

*ij n, k p ~. k. 1,Iu (2)

The new cooeficiclils tire tritlsbmionef bad to, physical space' to obtainl a tiuctuatingj s'elcimr itd tl, whlich is Thtein
superimiposed oin thle lonm-tinlie oucan velocitN piotile. and fed hitttilte computational domliain Usimig Tay lots
li\'pontheis. Inl othier words. thle streanuim-e cimorli ate x1 of tile iniput lield is flli as. i itt bimuodatmy condidlit:on
t11c timit I = x:/1"., where Ii, i% a consVCetion 'lOCIt. hIt was checkeid That changimig 1, ini the tatise O.W(i, - (V,

resulteil ill tteglit'ible differeitees ill thle sttListeCs (if a Zero prlessure Irunidntl Iturbulet-l boundoary' layer, anid
conselquitly U, - U'. was used iluoiriugioti The present situofN Alter tile whole ranidottmised field is flld into tile
inlet plkoill. it is recycled by tuitipg a muew set of 'I" ill t 2). At Owu cxii ol The couipultationa; box. ui cimivective
hiouiudary cotditioui is usceI.
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8. Averaging procedures and resulting uncertainties:

The mean velocity components, turbulence intensities, and pressure are calculated on a staggered grid. Thus, the
pressure is obtained at ccll centres and velocities at the cell surfaces. Statistical averages were pcrforntcd over the
homogeneous spanwise direction and time and, hence, single point statistics are functions oif both x and y. Thc data
Were Sampled every 10 calculation time steps, at equal time intervals At, = 0.36?*V0/U0, and thie total averaging timei
was 2250 6,,U.equivalent to about 7 "flow- through'" times, defined as the full travel time of fluid particles outside
the separation bubble.

An idea of the statistical uncecrtaniaties canl be had from the rat~s. value of the time-averaged field of the spanwisc
velo~city W, which should vanish everywhere. The spatial average of this mean field is -10 ", but its spatial at~ms.
value is 1.5 x 10", which is 5% to the rat~s, value of the velocity itself w'=0.03.

The correlation functions arc averaged over 60 instantaneous fieldsN separated by 7.5 time units. They therefore
correSItMInd to roughly one fifth of the averaging time for the mecan Values. Their Statistical uncertainty eon he
estimated by comparing the zero-separation correlations with the turbulent intensities of the longer averages. The
differences ate.

11 ) V 11 Ifly

4% 3% 8%/ 7%

9. Available variables: Two-dimensional (x -y) maps of mean and r.m.s fluctuations of the three velocity components
and pressure, plus T,, Reynolds shear stress (Figures 4-5). Because of staggered-mesh numerical method, the
velocities ate known at the cell faces, while the pressure, and w, in a two-dimensional pro~jection, are known at the
centres. This has been respected in the time-averaged flow fields, which ate therefore separatted into three tiles, each
witth its own, slightly staggered, grad. The Reyntolds stresses arc given interpolated at the locattons of both thc It and
a) velocities.

Y/4, .60

0.02

=/5o 100 ISO 200 250 300 350

Figure 5: Contours oif longitudinal turbulence intensitics.

'IwI- poi tat silat al-sc panat ion correlation functions of the i-7t, v V a, W~- at, and It-V ye Incilty c tan pone at s, camputatd for
six crol:.S-lltlw Sklabs, centred at 3: = 80.5, 122.4, 160t.7, 220(0. 2701.2-32 1.1., arad each (ltec spantning A:r ý57. These
locations al e thotse for wicht aooaneul'tta bilalncalce rCompliatutel iai (Noi & Moita 19961. 'Iltese ate full tive-ditoensiottal
cretlreatitlta functiotns tin X ', r , Y', t"aand -',as explained ila chapter 2.

1t0. Stor-age size required and file format: ApprolximatatelIy .l Mb) ofl'bi aary data folr thte averaged fields. Appro-uxi mately
35 Mb (It hillary d ala foM each Iof tltc six co rrelIatio n sl ahs

II . Contact p~ersor.

Yang Na
U. Illianois, 10)4 S. Witjpht St., Ur baaaa 11L 611101
c.ianil : yatagnatta titc~edam
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TBL22: Small Separation Bubble on Isothermal Wall

Spalart & Coleman

1. Description of the flow: Numerical simulation of a small two-dimensional turbulent separation bubble, with heat
transfer on an isothermal wall.

2. Flow geometry: 3-D computational box, periodic in the streamwise, x-, and spanwise z-directions, with streamwise
corrections discussed above. All values are normalised with the height H of .he computational domain and with
the frec-stream velocity U, at the inlet. The streamwise extent of the domain is L. = 10 and the spanwise extent
is L. = 1.43, but the useful region extends only from x = 1.3 to 8.7. The momentum thickness at x = 1.3 is
0 = 0.0105, and the temperature deficit thickness A2 = 0.0119. The boundary layer thickness, defined by the 2%
spanwise vorticity isoline, is 6 ; 0.24.

3. Sketch: Not available.

4. Flow characteristics: The momentum and temperature boundary layers are turbulent at the inflow and first relax ir
a settling region, about 76 long. Strong adverse and then favourable pressure gradients cause separation (negative
mean skin friction) and rapid rcattachment on x 2 5.85 - 6.85. The highest point of the separating streamline is
y/b • 0.5. Instantaneous flow reversal occurs far upstream of mean reversal, and streaks disappear. Surprisingly,
heat transfer peaks near separation. Also, negative turbulent kinetic energy production and counter-gradient heat
flux are found in a small region.

5. Flow parameters: Reynolds number based on the length of the useful region is about 160,000. R0 - 230 at inflow.
Pr = 0.71.

6. Numerical methods, resolution and resulting uncertainties: Fully spectral method, Fourier in the x- and z-
directions. Jacobi polynomials in y, matched to an exponential mapping (Spalart et al 1991). Streamwise boundary
layer growth is compensated by a "fringe" method in which an extra term is applied to the equations in x < 1.3 and
x > 8.7, restoring the outgoing flow to the desired inflow condition (Spalart & Watmuff 1993; Spalart & Coleman
1997). The collocation grid is (600 x 200 x 256), with 30 out of the 200 points in the y-direction above the upper
boundary at y = H. Dealiasing is done in the three directions by the 2/3 rule. Based on the highest mean skin
friction in the box, the distance between collocation points is Az+ = 20, Az+ = 7.3. The wall normal stretched
grid has 10 points below y+ = 2.5. Numerical quality parameters are extensively discussed in Spalart & Coleman
(1997).

7. Boundary and initial conditions:

(a) Domain size and truncations: The main problems in this simulation are the short settling region for the
incoming boundary layer after the inlet fringe, and the low Reynolds number. The boundary layer never attains
a fully-developed profile and, in particular, never develops a logarithmic law. Also, there is no space for a
proper recovery of the layer after reattachment.

(b) Boundary conditions The flow is controlled by suction and blowing through an inviscid boundary at y = H,
given by

V~0v/U 0 = _v'•V. exp(0.5 -2), where • = (x - x,)/a,

and V,, = 0.435, x, = 6.5 and a = 1.22. Inflow velocity, temperature and stress profiles are given. Velocity
and temperature fields are turbulent at inflow. Outflow is not critical.

(c) Inlet or initial conditions: Generated through the fringe method described above.

8. Averaging procedures and resulting uncertainties: Mean values are averaged over the span, and over time. A
filter of streamwisc width z 0.1 is also applied. The statistical samplc is formed by 429 velocity and temperature
fields, covering a total time of about 24H/U0, or about 2.4 full flow-throughs.

9. Available variables: At 12 streamwisc stations, wall-normal profiles of mean U, V, T, %P, v'2 .' 2, -j7'V, TTY,
-7. ... : 2 , :2, w:2. Also the wall Cp and C1 and Stanton numbers.

10. Storage size required and file format: About 500Kbytes, ASCII file.
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1I1 Cont&,ct person: R. R. Spalarl
Boeing Commercial Airplane Group, 1.O. Box 3707, Seatldc, WA 98124-2207, USA
c-mail spalart C~i, nas,.nasa.gov
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16, 169-189.
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SPALAR I, P.R. & WATMUrF, J.H. 1993 Experimental and numerical investigation of a turbulent boundary layer with
pressurc gradicnts. J. Fluid MAlch. 249, 337-37 1.
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TBL30: Boundary Layer with Surface Curvature

Johnson & Johlaston

I1. JDcscriptionl of the flow: The effects of concave curvature onl turbulent boundary layer structure investigated Using
flow visualisation and three-comiponent I DA.

2, Ceornetry: Lai-tic low-slieed, free surface water channel. Inner, movable walls define the flow channel. Nominal
flow velocity 15 cma/s. Flow nicasured onl vertical concave wall. Convex wall opposite the test wall contoured to
mlininiizc pressure gradients onl (lic test wall. The channel width as function of strcarnwise distance fr~omi thle start of
the bend is given in (the table below:

x (cm) w (cmi) x, (cmII) w (cml)
-366.0 24.92 45.0 24.54
-244,0 25.66 71.0 24.67
-122.0 26.32 96.0 24.68
-69.0 26.61 122.0 24.82
2.0 25.52 147.0 25.32
20.0 24.21 172.0 25.36

3. Sketcli:

213

-5go.

Figure I D imiensions in cml of' thle Concave test W11l.

4. Flow characteristics: initially 21) turbulent boundary layer subje 1cted to suddenl conicave curvature at entlry to 11900'
benid. 1By 75" in to the bend [lie b ou ndary l ayers front Concave anrd convex walls~ have merged.

5. Flow paramineter's: Mean flow paorameters, see table below.

6. liftuow, outflow bouindary and inlitial conditions F ront initiat mid fina profle anduI~ ge~ometry.

7. Measurement pr)cedures:5

(a) MYIeasured Qorn ifitics: Mean1 flo I p-OMie . ROy n old; she'Stress' -m- . .1t I t fee ( comllefl cos (if thle Re y of ds
niormial stiressce' and third and fourth order momjents'.
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Station

Flat 150 300 45°0  600
x (cm) -56.0 35.6 71.2 106.8 142.4
Uj)". (cm/s) 15.19 15.32 15,12 15.05 15.26
ur(cCm/s) 0.(,10 0.715 0.735 0.755 0.790
Cf .00413 .00436 .00473 .00503 .00536
&q, (cm) 7.98 9.29 10.19 11.62 12.51
0 (cm) 0.91 1.11 1.18 1.33 1.23
Re 1455 1813 1904 2121 1952
iI 1.41 1.33 1.29 1.24 1.20

Table 1: x. streamwise; U,,, potential velocity extrapolated to wall; ur friction velocity; R1 momentum thickness Reynolds
number; H shape factor.

(b) Measurement Errors: In U less than ± 1-, in velocity fluctuations less than 13%. In the transport terms,
vu_, vvý2 , and ow 2 , over 10097 in soinc cases in the near walI rcEion. For i, ±37. and C1 ±5%. Sec references
for details

(c) Other supporting information: Mean flow profiles and turbulence quantities from two colour, three beam,
laser-Doppler anemometer. Flow visualization by Colourcd dye and laser induced fluorescence.

8. Available variables: Mean flow profiles, Reynolds shear stress, -- iTi, all three components of the Reynolds normal
strcsses and third and fourth order moments.

9. Storage size required and present format of the data: 43Kbytcs ASCII file.

10. Contact person: James P. Johnston, Thcrmoscienecs Division, Department of Mechanical Engineering. Stanford
University, Stanford, California 94305-3030, USA. em.nail: johnston@ vk.stanford.edu

REFERENCES
"BAt, .Ow, R. S. & JOHNSTON, J. P. 1988 Structure or a turbulent boundary layer on a concave surface. J. Fluid Mech.
191,137-176.

JOHNSON, P.L. & JOHNSTON, J. P. 1989 The effects of grid-generated turbulence on flat and concave turbulent boundary
layers. Report MD-53 Dept. of Mech. Eng. Stanford University.



TBL31: Relaxing Turbulent Boundary Layer

Webster, DeGraaff & Eaton

1 Description of the flow: The investigation was performed in a low-speed wind tunnel having the dimensions given
under "Geometry" below. Since the flow did not separate, hot-wire ancmomctry was sufficient for measurement
of the mean and fluctuating velocities. Because of the complex velocity profiles. an oil-filn technique was used to
measure local skin-friction. The uncertainty in the mcasurcments is acceptably low and is summarized in the table.
Measurements were made at three momentunm-thickness Reynolds numbers, 1500, 2500, and 4000. These are all
in the "low Reynolds number" range (ie., below 5000) but also thus in a range to be calculated by LES without an
inordinate demand for computer resources. The results cannot be directly compared to other experiments because
the geometry has not been duplicated elsewhere. However, the characteristics of the flow have been examined in
the light of other work. such as flow over a convex or concave curvature and found to be consistent. The relative
simplicity of the flow, thdc low measurement uncertainties, and the care in providing details needed by simulators

invite consideration for use in developing LES capabilities.

2. Geometry: A flat plate boundary layer over a faired, two-dimensional bump, 305 x 20 mm, in a rectangular test
section of constant cross-section, 152 x 711 mim.

3. Ske'

y

"U

-254-
S€ - 305

Figure I: Sketch of test-section and bump geometry. All dimensions in mm.

4. Flow characteristics: Two-dimensional, incompressible, turbulent boundary layer, attached flow everywhere over

the bump.

5. Flow parameters: Air at nominally room conditions; Ro = 1500, 2500, 4000

6. Inflow, outflow boundary and initial conditions: Inflow was standard 2-D boundary layer: outflow was nearly
standard and was measured.

7. Measurement procedures:

(a) Measured quantities: All components of velzcily and Reynolds stress (hot-wire), wall-pressure, and skin

friction measured using an oil flow fringe imaging technique.

(b) Measurement errors: 3% in vclocity; 5% in normal and 10% in skew components of Reynolds stress; 5% in

skin fricti- -.

(c) Other supporting information:
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8. Available variables: Mean velocity, wall prcssurc. skin friction: all Reynolds stress components.

9. Storage size required and present format of the data: 274Khytes ASCII file.

10. Contact person: J.K.Ealon Department of Mechanical Engineering, Stanford University, Stanford, California
94305-3030, USA. c-mail: eaton@vk.stanford.edu

REFERENCES
WEBSTER. D.R., DEGkAAF., D.B., AND EATON, J.K. 1996 Turbutlence Characteristics of a Boundary Laycr Over a

Two-Dimcnsional Bunp, J. Fluid Mech. 320, 53-69
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Data Sheets for:
Chapter 8. Complex Flows
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CMPOO: Flow in a square duct - Experiments

Yokosawa, Fujita, Hirota, & Iwata

1. Description of the flow: These are the experiments of Yokosawa ei al (1989). Air was blown through a flow meter
and a settling chamber into a square duct. Measuremsents were performed 90 duct widths downstream where the
flow was fully developed.

2. Geometry: Cross-section: 50mm x 50nmm x 4500rnm, Belhnouth nozzle, 6:1 contraction

3. Sketch:

Figure 1: Geometry and eoordinate system for experiments (fronl Fig. 1 of Yokosawa el al, 1989).

4. Flow char-cteristics: The fully developed flow exhibits axial vortex pairs (crossfilow) in each corner. Only the d,'ta
for the case of all four walls smooth is included here.

5. Flow parameters: Reynolds number: U'I/ = 6.5 x 10; 0i is the bulk velocity, approximately 2hni/s; D is the
hydraulic diameter. Mean velocity at the duct centre approximately 25 mI/s.

6. Inflow, outflow, boundary, and initial conditions: Uniform, low-turbulence flow at entrance; flow open to atmo-
sphere at exitW flow judged fully develope-1 duct flow at measurement station.

7. Measurement procedures:

(a) Measured Quantities:

Mean primary flow velocity, U,

Menn secondary flow velocities, U2 and U3

Mean normal stresses, 7i,, i = 1, 2,3

Mean turbulent stresses, UT - and jTth1-j

Local wall shear stress, r,w,

(b) Measurement Uncertainties:

Ut: 1.4%; U'2 and U:i: 61h

iytut: 2.4%; •I2Ji1, and i::: 8.651

Ul-h1L. and ilujT: 4.90/
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8. Available variables: Quantities described above, measured in a quarter section of the duct.

9. Storage Size and File Format: The data are contained in one text file of approximately 32KB. They are in sets of
columns with a descriptive header and labels.

10. Contact person: Prof. Masafurni Hirota
Dept. of Mech. Engr.
Nagoya University
Furo-cho, Chikusa-ku
Nagoya 464-01 Japan

REFERENCES
YOKOSAWA, H., FUJITA, H., HIROTA, M., & IWATA. S. 1989 Measuremlecnt of turbulent flow in a square duct with
roughened walls on two opposite sides. Intl. J. leat and Fluid Flow 10, 125.

FUJITA, H., HIROTA, M., & YOKO,.AWA, H. 1990 Experiments on turbulent flow in a square duct with a rough wall.
Memoirs of Faculty of Engr:. Nagoya U. 41. 28(.
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CMPO1: Flow in a square duct - Simulation

Huser & Biringen

1. Description of the flow: This is the simulation of Huser & Biringen (1993). Turbulent flow of an incompressible,
constant property fluid through a straight square duct was simulated for fully developed conditions (no further
evolution in the streamwise direction), Statistics were collected after the simulation reached a steady state.

2. Geometry: The computational domain dimensions were 1 x 1 x 6.4. Periodic boundary conditions were specified
in the streamwise direction,

3. Sketch:

in A/
" Flow

Figure 1: Geometry and coordinate system (from Fig. I of Huser & Biringen, 19931.

4. Flow Clharacteristics: The secondary flow is of prime importance since it is generated solely by the interaction
of the turbulent stresses. Thus adequate calculation of the turbulence is crucial to an accurate overall simrulation or
modelling.

5. Flow Parameters: This deceptively simple geometry is described by one parameter only, the Reynolds number. For
the simulation presented here, the Reynolds number based on ihe mean friction velocity and duet width was 600.

6. Numerical Methods and Resolution: The time-splitting method of Le & Moin (1994) was used to advance in time.
A Lagrangian polynomial method was used to obtain thc finite differences for first and second derivatives in the wall-
normal direction on a stretched, staggered grid. Fifth order tupwind-biased differences were used for the convective
terms in all three directions. This will introduce artificial dissipation, which may affect spectra and correlations, but
is necessary since explicit dealiasing is not possible. The mtomentum equations were solved by using fourth-order
central differences for the viscous terms in the wall-normal direction. The pseudo-spectral Fourier method was
implemented in the streamwise direction to calculate the viscous terms and to solve the pseudo-pressure equation.
The pseudo-pressure equation in the wall-normal direction was discretized by fourth-order central differences. The
grid for the results presented here was 101 x 101 x 96.

7. Boundary and Initial Conditions:

(a) Domain size and truncations: Site.: I x I x 6.4

(b) Boundary conditions: No slip oni the walls: periodic in the strcamwise direction.



(c) In let or in itial condlitions.: The ca1Clh1 it]atins betzan with a tin in ar flow pert urbed randomnly, then run unit il a
statistically steady state was obtained. This was achieved al a nondimcensionil tuime, based (in friction velocity
and duct width, of 60. This corresponds to a flow disitance of about 1300 widths. far beyond the entrance
length in experiments. It should be noted, though. that fthi; is aichievedl at consitant pressurec graulient while
experimecnts arc run at constant mnass flux. The latter converge much faster than the former which should
therefore be CValLiated carefully in this regard.

8. Averaging Procedures and Ulnertainties: Long-timec statistics were obtained by averaging thie flow field in tile
homnogcncous direction. over tile fotur quadrants. and in timec for a nondinicnrisonal timec duration of 15~. A fric-
tion factor of 0.027 was computmed, slightly- lower than 0.030 (if experinteots. A lower resolution simnulation was
computed, 81 >< 81 x 64, which gave results very similar to those include(] here.

9. Available Data: The daita in this database are mecan strearnwtse and secondary velocities. all thtree components of
tile me1an vorticity, tlte nicn e pressurc and all thle collpoatem s of thle inca n strain rate tensorý all thie eomitpot-ieit

of thle Reynolds stress tensor, thie Skewness and flatlness, of 111 velocity components, thie pressure. and thle products
of velocity coniponcrits; kinetic entergy, dissipation rate. enstrophy. and sireamnwise vorticity budget terms; terms oif'
the transport equations for mecan sircautWiSC and transverse ve10loiies, mecan sireamwise and transverse velocities
squttrcd, and products of streamwtse and transverse velocities.

Full, sin iiI-separation correlhation fuitctiotns For the velocities are also prov' ided.

10. Storage Size and File Format: Thle data are contained in twelve text Files totalling approximately 6 Mb. Each
variable is presented in a group corresponidinig to a value in thle first group which is the distance front one wall and
subsequcent groups for thie other distances fromt the wall (51 groups for each variable cotrresponding to 5 1 distances
fromt thie wall). The data is given for otte quadrant of' the duet since averaices were taken over thle four quadratnts.
The correlation,.; are in a single binary file (with header) of 115 Mb.

11. Contact Person: Prtof. Scdat Biririgen
Dept. of'Acro. lEtmgr.
Univ. of Colorado
Boulder, CO 8~030l9 USA

REFERENCES
H USER. A., ANt) 13 itt t N .tiN S. 1993 D)irect numerical sintulatillor ifurbulent flow in a square (LItt. J. Fluidd 41c-h. 257,
65.

LE. 11. AND MOIN. P. 1994 Direct numerical simulation of turbulenit flow tiver a backward facing step, 7iThni/tal Repoirt
No. 7T-58, Department of Mechanical Engineering. Stanford University.

HUtSEt. A., 13iii NGEN, S., ANiD H vtA, F. 1 99-t Direct sitnulatlioa of, turbulent flow in) a squire (fuelt: Reynolds-stre.ss
budgets. Puy~s. F/ti ds 6 ito. 9, 65.
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CMP10: Flow Around A Circular Cylinder

Cantwell & Coles

1. Description of the How: This is the experiment of Cantwell & Coles (1993), the near ' 1ke of a smooth circular
cylinder.

2. Geometry: A cylinder 2.97m in length and 10.14 cm in diameter was mounted in a wind tunnel test section of
circular cross-section. Velocity measurements were made in the first eight diameters downstream in the wake.

3. Sketch:

Y 0

Figure 1: Geometry and coordinate system

4. Flow characteristics: The flow is that of a smooth circular cylinder placed normal to a uniform approaching flow
at a Reynolds number of 140.000. This is large enough to create a fully turbulent wake but have laminar separation
(subcritical) which generates turbulent vortices in a nearly periodic fashion.

5. Flow Parameters: Reynolds number: U.,'D/v = 140,000; U is the free-stream velocity, approximately 21.2m,/s:
D is the cylinder diameter, At these conditions the Strouhal number, fD/" = (0. 179.

6. Inflow, outflow, boundary, and initial conditions: There was uniform, low-turbu!cnce approach flow; the test
section extended beyond the measurement range (eight diameters) downstream. The test section was 10 feet (3.05m)
in diameter. There were end plates on the cylinder.

7. Measurement procedures: The primary instrument wtis a hot-wire probe. either single or crossed-wire, mounted
on an arm rotating at a high speed which increases the relative velocity component along the probe axis (a "flying
hot-wire"t.) Thus the angle of the velocity vector relative to the probe axis remains in anl acceptable range.

The hot-wire signals were recorded digitally and sampled in phase with the vortex shedding detected by a fast
pressure sensor on the cylinder. Ensemble averages of the data thus provide a "frozen" field of velocity as a function
of phase angle. Variations from these averages are measures of the turbulence in the field, also a function of phase
angle.

(a) Measured quantities:

Mean streamwise and transverse velocities: U, and ULr2

Mean Produets: u2 2. U , U. ,.2 2
1 2. li L- 1112, 0111

Third and fourth powers: 143, i 11,

Intermittnlicy

Maxima and minima of thcse variables hor each prolile

(h) Measurement Uncertainties:

('U and U,.,: 1%

Products: 5'/,

Third and fourth powers: 25%



190

8. Available variables: Quantities described above.

9. Storage Size and File Format: Approximately 7.5 MB of data are ztored in 19 text files. They are self-explanatory
except that UN or UREFN, where N = 1, 2. 3 or-l, refers to U or -"'m vr.

10. Contact person: Prof. Brian Cantwcll
Dept. of Aero. and Astro.
Stanford Universitv

Stanford, CA 94305 USA

REFERENCES
CANTWELL, B., AND COLES, D. 1983 An Experimental Study of Entrainment and Transport in the Turbulent Near Wake
of a Circular Cylinder. J. Fluid Mech. 136, 321.
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CMP20: Flow Around A Square Cylinder

Lyn, Einav, Rodi & Park

I. Description of the flow: This is the experiment of Lyn & Rodi (1994) and Lyn et al. (1995), the flow around a long
square cylinder mo:Inted uansversely to ant oncoming uniform flow.

2. Geometry: The cylinder was 40imm in width and 392mm long mounted in the rectangular test section of a water
channcl 392mm by 560rmm (blockage 7.1 %). Velocity measurements were madc above the upper surface and behind
the cylinder up to eight diametcrs downstream.

3. Sketch:

5 2-D measurement points*
5 2-D measurement points

. . . . .4 . . . ...
S~y/D

3. . . . . ........

1. . I.. ... . . ..:: : : : :

.2 0 2 4 6 x/D 8

Figure 1: Coordinate system and location of measurement points.

4. Flow characteristics: The flow is around a long square cylinder in a water channel at Reynolds number of 22,000.
At this Reynolds number the flow is approximately periodic with a Stroulial number of 0. 133 -1: 0.00!,

5. f low Parameters: Reynolds number: UD/Iu = 22,000; U is the free-stream velocity, approximately 0.54m /s; D
is the cylinder widti, 407rim. At these conditions the Strouhal number, fD/U = 0.133.

6. Inflow, outflow, boundary, and initial conditions: The approach flow three cylinder widths upstream had a turbu-
lence level of abcat 2% and a centreline mean velocity deficit of about 5 to 10%. Though measurements of mean
velocity, tilu 1 , and u.tw2 are available, calculations should be started further upstream ift uniform conditions are
desired.

7. Measurement procedures: The data are compilations from singlI-componcnt laser-Doppler velocitnetry (LDV)
and two-component I DV experiments. The single-component (streamwise) measurements are clustered Just above
the upper surface of the cylinder where it would be difficult to project the laser beams necessary for the second
component of velocity. Bragg cells were employed to provide an offset frequency necessary to capture the reversal
of flow direction in regions of separation. A low-pass filtered pressure signal from a tap on the cylinder side-wall
was used to obtain a reference phase for phase-averaging tlic velocity nmcasuremcnts. Twenty phase-bins were used.

(a) Measured quantities:

Mean streamwise flow velocity, I•1

Mean transverse flow velocity. U2

Mean normal stresses. 01,i22'12

Mean turbulent stress, ILI 12

Forward-flow-fraction of both Ul and U2
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(b) Measurcmcnt. Uncertainties:

U, and U2: 50/ of approach velocity
iIjII and ThThzTh, 51/
Ul-112: 15 to 25(%(

8. Available variables: Quantities described above, nmeasured in Oic upper hall plane. Measuremnict location., arc
shown ini the figure under Sketch.

9. Sto age Size anid File Format: The data is stored in) 21 text file,, totalling approximately 804 K11. The first 20
files contain data from each of 20 phase angles during a period of the vortex shedding. The 2 1st file contains data
averaged over all the phases.

10. Contact person: Prof. Wolfgang Rodi
Univcraitiit Karlsrulie
Kaiserstr. 12
D-761 28 Karlsruhec, Germany
c-mail: rodi @hau verm.uni-karlsruhie.de

REFERENCES
LYN, D.A., Rowt, W. 1994 The Flapping Shcar Layer Formed by the flow Separation from tlie Forward Corner of a
Square Cylinder. J. Fluid Mlechi. 267. 353.

LYN, D.A., EINAV, S., ROMI W., PARK, J.H. 1995 A Laser Doppler Velocimneter Study of Enscemble Averaged Charac-
teristics of the Turbulent Near Wake of a Square Cylinder. J. I-Flu Mfcdi. 304, 285.
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CMP30: Backward Facing Step - Simulation

Le & Moin

"I- Description of the flow: This simulation is that of Le & Moin (1994) matching the experiment of Jovic & Driver

(1994), (1995), the flow of a fully developed turbulent boundary layer over a backward facing step. Before the step

there is a short entry region over which the boundary layer develops. Beyond the step, there is a long recovery region

before the flow exits the domain.

2. Geometry: The computational domain is shown in the sketch. For the simulation included here, the various di-
mensions shown on the sketch are given by Li , 10h, Lý = 30h, L5 = 6h, L- = 4h. The expansion ratio is

1.2.

3. Sketch: (See sketch under experiment of Jovic and Driver, CMP31.)

4. Flow Characteristics: The backstep flow results in separation of the turbulent boundary layer as it flows over
the step followed by a recirculation zone under the separated boundary layer. The boundary layer reattaches at a
mean distance down-stream of the step of 6.28h. In the separated region, there is a free shear layer separating the
recirculation region from the rest of the flow. This free shear layer exhibits many of the features of a mixing layer.

5. Flow Parameters: There are two relevant flow parameters in this flow. One is the Reynolds number Re, = 5100,
which is based on the inlet mean velocity at the upper (no-stress) boundary and the step height h. The other is
the ratio of the inlet boundary layer thickness to the step height 6/h = 1.2, where 6 is the 99% thickness. The
inlet boundary layer (statistics taken from the DNS of Spalart [4]) thus had a Reynolds number Re6 = 6100, a

displacement thickness Reynolds number Re* = 1000, and a momentum thickness Reynolds number Reo = 670.

6. Numerical Methods and Resolution: The numerical method used in the simulations is a second-order staggered
grid finite difference method. It is described in detail, along with the code implementing it in Le & Moin [I]. The
grid spacing in the strearnwise and spanwise directions was uniform with 768 and 64 grid points respectively. In
the wall-normal direction 193 grid points were used. They are distributed nonuniformly, according to the following
mapping:

tanh "rlO IV),

it +I(.KV-2 - -) 1 - tanhy.V % ) 71[- tarih%1/2V 2  ' C
where Ly = 6h, 71/h = 2.1875, Vij/h = 1.1, -y = 2.2, ,02/h = 6, -y2 = 0.7963. A uniform distribution of grid

point in ý then results in the desired point distribution in ?,.

7. Boundary and Initial Conditions: In the spanwise direction, periodic boundary conditions are used, and the lower

boundaries (inlet and recovery sections, step face) are no-slip walls. Thc upper boundary is a no-stress boundary,
with the streamwise, normal and spanwise velocities (u, v and w respectively) satisfying

r9u Oawv = 0 and -= -- 0.

Since the flow is statistically stationary, the initial conditions arc not relevant. However, the inflow conditions are
very important. Inflow conditions were generated as a randomn process designed to match the spectra and Reynolds
stresses of the boundary layer DNS of Spalart (1988). The technique is described in detail in Le & Moin (1994).
The outflow boundary condition is given by

where UL is the convection velocity, which is independent of y and z and is selected to balance the mass flow at the
inlet.
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8. Averaging Procedures and Uncertainties: All the data provided frorn these simulations are obtaiined hy computing
the appropriate quantities froni the simulated velocity fields and avcraginr in the loiotoogncous spatial direction, z,
andl timec. Thc averages in timic arc taken over a period of approxiotately l1fih/U11. where UO is (the velocity at thle
upper (no stress) boundary.

There arc three potential sources of uncertainty in this daita. Firs' arc thie nutner ical discretizatiort etTOrs introduce(d
in thle numericatl simulation. Thle numerical meothod is a second or ~r finite difference. Further, dhic to computer time
and tocmory rcstrietions, thle grid resolutiion was limited. especia ly in thle spanwise direction. Thle consequtences
of this arc discussed in Chapter 5. The second Uncertainty is stati: ical. whticht arises from computing thle averagesq
over a finite domain sizec and a finite time. Thle third source of utneertaint y is duc to tile finite dontairt size of the
numerical simulation. However, if ant LES is donc in thle same domain with the same bountdary cond~itions, then a
comoparisont can he miade without error due to the dotmaitt size. A related issue is tile effect of thle artificial inlet (anld
outlet) cotnditions, which is also discussed in Chapter 5.

9. Available Data- Provided arc thle mean velocities, notntrivial components of the Reynolds stress tertsor and pressure
variance as a function of x- ant(l y. Note that allI of these data aLre computed from uinfiltered velocity hoelds, so care
miust be exercised when comparing these data directly to LES results. Finally, the small separation velocity-velocity
two-point eitrrelatiotts reqttired ito computie ftlticid versions of the second order statistical profiles as described iii
Chapter 2 arc provided for several a--locations.

10. Storage Size and File Format: The data is prov'ided in a total of 7 binary files. otte for the one poittt statistics
anid otte each for thie 6 x.-locat inns at whicht[the smnall separattion lwo-pointt correlat ion is pitivi ded . Total storage is
approximately 56 Mb.

11. Contact person:
Prof. Robert Moser
Dept. of Theor, Appl. Mccli.
Uni ivers ity of Ill innois, Urbhana- Chant paigit
Urbana. IL 61801 USA

REFERENCES
LE,, H. ANt) MOtN, P. 199A Direct numerical simulation of turbuletnt flow over a backward facing step. 7i'chnical Report
No. TF-58, Department of Mechanical E ngineering, Stanford University.

.1OVtC, S., AND DRIVER. D, 1994 Backward-facing Step Measurementis at Loiw Reynolds Number, flct, = 500t0. NASA
Techi Men to 108807.

JOVIC, S., ANt) DRtVER. D. 1995 Reynolds Number FEfiect on tile Skin Friction in Separated Flows; B~ehind at Bmcks~aol-
faeing SJtep. Expet: Fuids 18, 464.

SPALARt1, P.R. 1988 Direct simiulationi of a turbulent boundary Iny-or up to R= 1,110t. J. Fluid Mlchi. 187. 61l.

(Also see CMP3 1.)
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CMP31: Backward Facing Step - Experiment

Jovic & Driver

1. Description of the flow: This is the experiment of Jovic & Driver (1994); 1995), the flow of a fully developed
turbulent boundary layer over a backward facing step. The approaching boundary layer was at a Reynolds number
4Ho = 610.

2. Geometry: The flow is that of a boundary layer passing over a backstep in the wall. The test section is symmetrical
in that a mirror image boundauy layer and backstep is located on the wall opposite that tested (see figure), forming a
double-sided expansion. The channel height upstrCanl is 96mm and downstream II 5mm. The channel aspect ratio
was 31 to avoid 3D effects.

3. Sketch:

Elow conditioners

6I Comraction

3 screnms

.Development Test section
section

5.0

Out to fan and

Ia,~, aunosphere

Figure I: Geometry of experimental setup (From Jovic & Driver, 1994).

4. Flow characteristics: A wind tunnel with the fan at the exit was used to generate a fully developed turbulent
boundary layer over a flat plate to a backward facing step. The opposite wall was a mirror image plate and step to
form a plane of symmetry at the tunnel centreline and an expansion ratio of 1.2.

5. Flow Parameters: Reynolds number: U/i/I = 5000; U is the centrclinc velocity ahead of the step, approximately
7.7i/s; It is the step height.

Boundary layer ahead of step: 6 = I1.5mm.; 6P = 1.7mm: 9 = 1.2mm; H = 1.45; C1 = 0.0049; Ro = 610.

6. Inflow, outflow, boundary, and initial conditions: Boundary layer developing along a straight ductm profiles mea-
sured. Outflow: At end of long straight duct after step.

7. Measurement procedures:

(a) Measured quantities:

Instrumentation: LDV with frequency shifting for directional resolution; laser-interferometer for oil-flow rnea-

surement of skin friction (see sketch); surface pressure taps.

Mean flow velocities, U1 and U2

Mean normal stresses, U-ij11 . n.121u

Mean turbulent stress. L 1 ZIl
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Local wall shear stress, T",

Surface pressures

(b) Measurement Uncertainties:

Mean velocities: 2%

Reynolds stresses: 15%

Pressure coefficient: 0.0005

8. Available variables: The above quantities averaged over time.

9. Storage Size and File Format: Approximately 7 KB of timc-avcraged data are stored in one text file.

10. Contact person: David Driver
NASA Ames Research Center
Moffett Field, CA 94035

REFERENCES

JOVIC, S., AND DRivE.R, D. 1994 Backward- facing Step Measuremcnts at l.ow Rcynolds Number, RT', = 5000. NASA

Thch Memo 108807.

JOVIC, S., AND DRIVER, D. 1995 Reynokls Number Effect on the Skin Friction in Separated Flows Behind a Backward-

facing Step. Expe: Fluids 18, 464.
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CMP32: Backward Facing Step - Experiment

Driver & Seegmiller

1. Description of the flow: This is the experiment of Driver and Seegmiller (1985), a fully developed turbulent
boundary layer over a fiat plate and a backward facing step.

2. Geometry: The flow is that of a high Reynolds number boundary layer passing over a backstep in the wall of height,
h, 12.7mm fortning an expansion ratio of 1.125. The channel height upstream is 811, and the channel width is 12h.
The wall opposite the step was either parallel to the wall with the step or diverging at 6 deg. Only the data from the
straight wall case is included here.

3. Original Sketch:

UO F CORNREDDY~
0 YRECIRCULATING FLOW

SEPARATION REATTACHMENT

Figure 1: Geometry of experiuental setup (froir Driver & Secgiiller, 1985).

4. Flow characteristics: A low speed wind tunnel was used to generate a fully developed turbulent boundary layer
over a fiat plate and a backward facing step. The opposite wall was either parallel to the boundary layer wall (data
reported liere) or diverging at 6 deg beginning at a point opposite the step (data not reported here). The approaching
boundary layer was at a Reynolds number 1? = 5000 and Mach number of 0.128.

5. Flow Parameters: Reynolds number: Uh/v - 37500W U is the centreline velocity ahead of the step, approximately

441.2 mis; It is the step height.

Boundary layer 4h upstream of step: 6 = 19tmr; 6* = 2.7mTm; 0 = 1.9mm; HI = 1.42; C1 = 0,0029

6. Inflow, outflow, boundary, and initial conditions: Inflow: Boundary layer developing along a straight duct; pro-
files measured. Outflow: At end of long straight duct after step.

7. Measurement procedures:

(a) Measured quantities:

Instrumentation: LDV with frequency shifting for directional resolution; laser-inter feronicter for oil-flow mea-
surement of skin friction; surface pressure taps.
Mean flow velocities, U,1 and 1.2

Mean 11n-r1al stresses, ItIj 21 U2

Mean turbulent stress, Viyii

Local wall shear stress, Tu,

Surface pressures

(b) Measurement Uncertainties:

I I I I I I I
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Mean velocities: 1,5%

Re) nolds stresses: 12%

Pressure coefficient: 0.0002

9. Available variables; Thc above quantities measured in profiles ilong tlie duct.

9. Storage Size and File Format: Approximately 10 KB of timec-averaged data ire stored in one text file.

10. Contact person: David Driver
NASA Ames Rcscarch Centcr
Moffett Field, CA 94035

REFERENCES
DRIER, D.M., AND) SEEGMILLER. H.L. 1985 Fcatures of a Rcattachingc Turbulent Shear Layer in Divergent Channel
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